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Corrosion at the head-neck junction of total hip replacements is a poorly understood 
phenomenon with an incidence of 1 - 2 %. Concerns around taper junction corrosion have 
focused on design factors including changes in taper surface topography and geometry as 
well as operating conditions such as high bearing surface friction and fluid ingress-egress at 
the taper junction. Hence, this thesis considered 3 aspects of the head taper junction 
namely: (1) frictional torque at the bearing surface and below the taper junction for varying 
head sizes and bearing material combinations, (2) Cobalt and Chromium ion release from 
CoCr/Ti taper junctions, (3) FE analysis of tapers utilising variables including taper length, 
material, angle, and clearance under loading conditions representative of walking, hip 
simulator profiles and stair climb.  
Bearing friction and the torque about the taper axis beneath the taper junction were 
positively correlated with the head size (R2 = 0.57 bearing friction, R
2 = 0.88 torque) and average 
surface roughness (Ra) (R
2 = 0.66 bearing friction, R
2=0.79 torque) of the femoral head. Torque 
generated on large MoP bearings (0.93 ± 0.2 Nm) was found to be comparable to MoM 
(0.81 Nm).  The median cumulative Cr release rate was at least 2 times greater than that of 
Co (0.0220 ppb/cycle Cr relative to 0.0109 ppb/cycle Co) due to the acidic environment 
utilised in the accelerated tests. No statistically significant difference in ion release was 
found, between the trunnions of different surface finishes.   
 Finite element analyses showed that the largest gaps generated at the mouth of the 
taper, were associated with smaller taper contact areas. Clearances within ±0.1° enabled the 
tapers to engage over comparable lengths and therefore did not show differences in taper 
opening, showing this was influenced by the taper engagement length rather than location 
(proximal or distal) of contact. Stair climb loading generated the largest taper gaps (80 m) 




trunnion. Although the stair climb loading condition is not currently mandated in testing THR 
devices, its use could provide a more accurate prediction of taper performance in vivo and 
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Chapter 1. Introduction  
Taper corrosion is a poorly understood phenomenon which was first reported in late 
1980s (Gilbert et al., 2015a). However, there has been a resurgence in corrosion at the head 
neck junction stemming from large failure rates associated with large head metal-on-metal 
(LHMoM) devices where more than 25 % of components experienced failure in the form of 
adverse tissue reactions within the first decade (Eltit et al., 2017, Kurtz et al., 2013, Moga et 
al., 2013). The hypothesis for taper corrosion in LHMoM was that increased friction at the 
bearing surface, due to large head sizes and poor clearances, resulted in excessive torques 
and micromotion at the junction. Since then, the use of MoM components has reduced 
considerably; in 2016, MoP components accounted for approximately 60 % of the total 
primary THR procedures (National Joint Registry of England, 2016). The discontinued use of 
MoM along with the contraindications for CoP bearings suggests that the relative proportion 
of MoP components could increase in the future.  
Higher friction factors have been reported in MoM devices (Brockett et al., 2007). They 
are also more susceptible to manufacturing precision. The phrase ‘if correctly engineered’ 
often precedes purported tribological advantages of MoM components (Isaac et al., 2006). 
Indeed, higher clinical failure rates have been reported in a widely implanted MoM THR 
system with clearances that were found to be out of tolerance so that very low or negative 
clearances resulted. It is hypothesised that this along with high acetabular cup angles may 
have contributed to edge loading and a breakdown of bearing surface lubrication thus 
increasing the bearing friction which is then transferred to the taper junction (Langton et al., 
2016, Matharu et al., 2017). If edge loading does occur in MoP devices, it does not have 
tribological implications which increase friction (Fisher, 2011). For these reasons, it may 
have been thought that taper corrosion would not be a problem with MoP components. 
However, the first documented report of adverse tissue reactions due to taper corrosion was 
from MoP components (Morlock et al., 2016, Cooper et al., 2012b). Subsequently, there 
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have been several studies detailing the observation of MoP taper corrosion and associated 
pseudotumours in patients (Hussenbocus et al., 2015). Some of these reports have 
indicated an increase in the severity of corrosion and as well as more aggressive 
pseudotumours associated with MoP as compared to MoM devices (Eltit et al., 2017, Moga 
et al., 2013).  
Research into taper corrosion has focused on issues related to taper surface topography, 
assembly conditions, trunnion flexural rigidity, changes in taper geometry (length and angle), 
head size and offset (Morlock et al., 2016, Hussenbocus et al., 2015, Jacobs, 2016). Of 
these factors, there is a consensus that increasing offset results in worse loading conditions 
at the taper junction. With respect to geometric and topographical features, if there was 
uniformity across manufacturers there may be reduced variability in performance. In the 
1990s, attempts to ensure uniformity with the ‘Euro taper’ (ISO, document ISO/TC150/SC4 
N117) failed because of the concern that it would encourage taper combinations which had 
not been previously evaluated together (Morlock et al., 2016, Scheuber et al., 
2014). Indeed, in a 2015 review of the National Joint Registry for England and Wales, 
mixing tapers between manufacturers was found to occur in 3% of a sample population 
and associated with higher revision rates in CoP and MoP bearings (Tucker et al., 2015).  
Regardless, even when the paired components are indicated for use, in extreme cases, 
taper junction failure has led to voluntary recalls by manufacturers even though the two 
cases were actually for modular neck tapers (Pivec et al., 2014).  For other taper designs 
which remain on the market, the overall performance of tapers is variable; between 1-2% of 
tapers have been reported to corrode in vivo sometimes severely resulting in pain, adverse 
local tissue reactions and revision (Hussenbocus et al., 2015). It has become apparent that 
laboratory evaluations do not recreate the extent of in vivo taper corrosion (Hothi et al., 
2017b, Whitehouse et al., 2015, Tan et al., 2015). This is certainly true of the lack of 
foresight with respect to the corrosion of smaller heads because it has been supposed, 
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perhaps based on the origin of the problem, that it is relevant only to large heads. However, 
smaller (28-32 mm) MoM and MoP heads also result in adverse tissue reactions due to taper 
corrosion (Lombardi et al., 2016, Tan et al., 2015, Triantafyllopoulos et al., 2016).  
Tapers are currently only evaluated dynamically, through the ASTM fretting test; although 
this has been advantageous for measuring corrosion rates and evaluating the damage 
induced by long term loading (Schaaff, 2004), a constant load vector direction is used to 
conduct the test. It is therefore not able to replicate the toggling which has been observed in 
retrieved taper components (Langton et al., 2012). Toggling allows fluid ingress into the 
taper junction which may initiate either crevice corrosion or in the presence of micromotion, 
mechanically assisted crevice corrosion (MACC) (Morlock et al., 2016, Langton et al., 2012). 
Hip simulators are the gold standard for evaluating the tribological performance at the 
bearing surface of THRs in vitro, under loading and environment conditions comparable to 
the hip joint in vivo. The changing load vector which occurs during a simulator cycle makes 






Chapter 2. Literature Review  
2.1 Total Hip Replacement devices 
A hip replacement device is a prosthesis used to address diseased states of the hip joint 
including osteoarthritis, rheumatoid arthritis, congenital hip dysplasia and femoral neck 
fractures through a procedure known as total hip arthroplasty. Currently, there are 
approximately 90 000 primary procedures carried out annually in the UK (National Joint 
Registry of England, 2016) and the number of procedures in the US has been projected to 
reach 572 000 by 2030 (Kurtz et al., 2007).  
The hip replacement device could be a total hip replacement (THR) or a hip resurfacing 
device. The former describes a combination of a head on stem which articulates with an 
acetabular cup that may include a shell (Figure 2-1). A total hip resurfacing device consists 
of a femoral component without a stem, that articulates with an acetabular component 
(Figure 2-1).  
 





Figure 2-1a) A Total Hip Replacement and (b) a Hip Resurfacing device and their respective X-ray 
images (Mattei et al., 2011, Holzwarth and Cotogno, 2012) 
Components of total hip replacement devices may be considered as monoblock or 
modular. Monoblock components (Figure 2-2) are manufactured as a unit without the 
possibility of disassembly whilst modular devices can be assembled and disassembled. 
Thus, any hip replacement may be modular or monoblock; designs have featured modularity 
within stems, between a head and a stem, within acetabular components and within the 
femoral head (Figure 2-3). Despite the variations in modularity, the most common type of 
femoral modularity is currently the head-neck or head-sleeve-neck junction. The head-
sleeve-neck junction is essentially a head-neck junction with an adapter sleeve interposed 
between the head and neck, which is widely utilised at revision.  




Figure 2-2 Mc-Kee Farrar prosthesis with a monoblock stem  
 
 
Figure 2-3 Different forms of modularity in total hip replacement (a) acetabular modularity (b) head-neck 
modularity (c) neck-stem modularity (d) femoral head modularity (Collins, 2011, Derar and Shahinpoor, 
2015, Krishnan et al., 2013) 
Modularity at the head-neck junction features a Morse taper (Figure 2-4). Stephen Morse 
invented Morse tapers in 1864 for joining two rotating parts in machine tooling (Hernigou et 
al., 2013). It is a type of self-holding taper wherein the components which constitute the 
junction are held together by friction with the intention of preventing relative motion between 
them (Oberg et al., 2012). Morse tapers were introduced to THAs in 1970s to provide choice 
with head-neck combinations optimised for their specific function. Also, modularity facilitates 
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the restoration of the hip centre by allowing alterations to be made to the offset, version and 
length of the femoral components independent of the stem fixation (Pastides et al., 2013). 
Furthermore, in the case of younger patients, hip replacement device may not outlast the 
patient; therefore, a revision procedure is often necessary. When a modular device is used, 
a well-fixed stem need not be necessarily removed to replace the bearing surface thus 
minimising bone loss (Goyal et al., 2014).  
 
Figure 2-4 Features of a Morse taper between the femoral head and stem adapted from Hernigou et al. 
(2013) 
 
2.1.1 Taper Design  
Hip replacement designs feature a combination of different materials that are optimised 
for their specific function. Cobalt-chromium-molybdenum (CoCr) alloys or ceramics are used 
to manufacture femoral heads due to their high hardness, scratch and wear resistance 
(Swaminathan and Gilbert, 2012, Goldberg et al., 2002). Thus, head tapers are fabricated 
from CoCr or ceramics which could be Alumina or Zirconia-toughened alumina (Kurtz et al., 
2013). These heads are paired with cobalt-chromium-molybdenum, titanium alloy or 
stainless steel (316L) trunnions. Titanium alloys are better suited for the fabrication of a stem 
than CoCr alloy or stainless steel alloy due to their relative modulus and reduction in the 
likelihood of stress shielding. Ti-6Al-4V is the most commonly used titanium alloy in hip 
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prostheses; however, the concern about the toxicity of vanadium and aluminium prompted 
the development of new alloys, Ti-12Mo-6Zr-2Fe (TMZF) and Ti-13Nb-13Zr (Raju et al., 
2017, Wang, 1996). TMZF and Ti-13Nb-13Zr have lower modulus values than Ti-6Al-4V 
alloy, as well as higher tensile strength and toughness (Porter et al., 2014, Lee and Hwang, 
2014, Wang, 1996). Recently, however, it has been suggested that the lower elastic 
modulus of newer titanium alloys may negatively impact the performance of the taper 
junction. 
Taper sizes are specified with respect to the approximate proximal and distal diameters 
in mm. Hence available sizes include 8/10, 9/11, 10/12, 11/13, 12/14 and 14/16. There are 
also tapers with proprietary names including the V40, C-taper, Type-I, Type-II and PCA 
(Table 2-1). Contemporary designs feature smaller proximal and distal diameters as well as 
shorter lengths to avoid impingement of the prosthetic neck against the acetabular 
component and improve the range of motion (ROM) possible (Morlock et al., 2011). Hence, 
trunnion lengths have been reduced from 20 mm to below 10 mm and 12/14 and V40 tapers 
are more commonly used in place of 14/16 tapers (Morlock, 2015). Although two tapers may 
have the same proximal and distal diameter, the angle of approach from the bottom to the 
top diameter can vary (Bisseling et al., 2013) (Figure 2-5). A range of angles exist for Morse 
tapers used within implants (Hernigou et al., 2013) . The original Morse taper angle was a 
relatively small angle of 2.833°, but in current joint replacement devices, the taper angles 
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Table 2-1 The proximal and distal diameters of a range of taper designs: adapted from 
Triantafyllopoulos et al. (2016)   




11/13 11.2±0.1 13.5±0.1 
12/14 12.5±0.7 13.7±0.7 
C-taper 12.4±0.4 13.8±0.7 
V40 11.3±0.4 13.3±0.6 
Type-I 11.7±0.9 12.7±0.9 
PCA 12.3±0.7 13.3±0.5 
  
 
Figure 2-5 Variation in a 12/14 taper (Hernigou et al., 2013) 
Other design parameters included in taper specifications include surface finish, 
roundness and straightness (Hernigou et al., 2013), Figure 2-4. Machined profiles were 
introduced to metallic trunnions for use with ceramic heads in order that they undergo plastic 
deformation upon the mating of the taper resulting in increased contact area and a reduction 
in the tensile stresses at the interface, thereby increasing the fracture strength of the ceramic 
head (Drouin and Cales, 1994). Despite their initial origin, trunnions with threaded stems are 
commonly mated with both ceramic or CoCr head tapers (Arnholt et al., 2014, Munir et al., 
2013). Consequently, with respect to surface profile, trunnions may be threaded 
(microgrooved) or smooth (Arnholt et al., 2014). A smooth trunnion has ground or polished 
surfaces, threaded trunnions are spiral machined to include microridges or microgrooves 
(Figure 2-6) (Gilbert et al., 2015a).   




Figure 2-6 Smooth and rough trunnion; scale not shown in original image (Hothi et al., 2015) 
The deviation of a line on the taper surface from a flat surface defines the taper 
straightness (Figure 2-7) (Underwood et al., 2012, Scheuber et al., 2014). A measure of 
roundness of the circumference of a cross section along the taper is defined as the taper 
roundness (Figure 2-7). Hence it measures the deviation at each level of the cone from a 
perfect circle (Underwood et al., 2012, Scheuber et al., 2014).  
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2.1.2 Taper Mechanics: loading and environment 
 
Figure 2-8 Forces at the taper junction MB=bending moment, FJ=joint force, FB= bending component of 
the joint force, Fc= axial compressive force along taper axis, T=torsional moment due to bearing friction, 
x= axial distance from the head centre to the point of taper support; adapted from Gilbert et al. (2015a) 
 
Tapers are used to transfer the loads applied at the femoral head, along the taper axis 
through to the stem. The loads on a Morse taper on a THR device are compressive, 
torsional forces as well as bending moments (Figure 2-8). Compressive radial stresses arise 
from the radial component of the joint force, the impaction force and the press-fit stresses 
(Bishop et al., 2013). The joint force at the hip has been measured for various activities of 
daily living such as walking, sit-to-stand, stair climb, sporting activities (jogging) and also 
uncontrolled events such as stumbling (Figure 2-9).  Press-fit stresses which are generated 
due to the surgical impact force along the axis of the taper and the axial component of the 
joint force, are responsible for the dissociation strength of the taper  (Figure 2-10) (equation  
1) (MacLeod et al., 2016, Bishop et al., 2013). These stresses consist of both normal and 
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shear stresses (Figure 2-10) wherein the shear stress is the product of the normal stress and 
the coefficient of friction at the taper junction.  
 
Figure 2-9 Peak resultant force for various activities; x axis measured as a percentage of total time 
taken to complete the loading cycle where walking = 1.10s, stair ascent = 1.59s,  stair descent = 1.44s,  
sit-to-stand transfer = 2.49s, stand-to-sit transfer = 3.72s, single-legged stand=6.70s, knee bend=4.67s, 
stumbling=1.10s (Bergmann et al., 2001) 
  
Figure 2-10 Schematic of extraction forces and stresses at a taper 
   
𝐹𝑒𝑥 =  𝜇𝐴𝑝𝑐𝑜𝑠𝛼 − 𝐴𝑝𝑠𝑖𝑛𝛼 (1) 
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where          𝐹𝑒𝑥 = extraction force 
𝜇 = coefficient of friction 
𝑝 = mean taper pressure 
       𝐴 = contact area 
 
Torsional moment is generated at the taper due to friction at the bearing surface and if 
aligned about the taper axis, can act as a removal torque where increased articular surface 
friction induces rotational micromotion about the neck axis (Schafer et al., 1998, Elkins et al., 
2014). The off axis anatomy of the native hip will additionally induce a bending moment 
which will be experienced by the taper junction. Bending moments at the taper junction are a 
product of the transverse component of the joint force and the distance between the taper 
engagement position and the head centre (FBx,Figure 2-8); however, they may also arise 
from bearing surface friction (Gilbert et al., 2015a).  
The taper environment is the same as the rest of the implant which is surrounded by 
extracellular tissue fluid. This environment contains organic and inorganic components 
(Figure 2-11) at a neutral pH of 7.2 to 7.4. However, as a result of inflammation and 
infection, the  pH could become more acidic or alkaline respectively (Davies et al., 2005).  




Figure 2-11 Ionic concentration of fluids in vivo (Davis, 2003) 
Metals used in implants are artificially over-passivated to build up a protective oxide film 
before implantation (Zeng et al., 2015). These passive layers are typically 1 – 4 nm thick and 
serve as kinetic barriers to limit corrosion reactions in biological environments (Mali, 2016, 
Goldberg and Gilbert, 1997). During implantation, the oxide layer may be damaged. 
However, it has been reported that in vivo, a Ti alloy component oxidises preferentially to a 
CoCr alloy component and the oxide layer formed on the former will be much thicker 
resulting in increased hardness and protection of the substrate metal from abrasive damage 
(Moharrami et al., 2013).  
2.2 Challenges with Femoral Modularity  
During its service life, an implant undergoes cyclic loading (Goldberg et al., 1997). 
Depending on the fit of the components at the taper junction, relative motion, initiated by 
either the compressive joint force or the moment about the A-P axis (Figure 2-8), may ensue 
(Elkins et al., 2014, Gilbert et al., 2015a). Micromotion which occurs parallel to the axis of 
loading along the taper surfaces of the order of 10-100μm, results in fretting (Figure 2-14) 
(Viceconti et al., 1997).  This oscillatory motion has been described as being capable of 
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removing the passive layer by fracture of the oxide layer present on the taper surfaces, 
which results in the production of particulate debris capable of stimulating inflammatory 
reactions or causing third body wear at the bearing surface (Bobyn et al., 1994, Goldberg et 
al., 1997).   
The assembly of the head and trunnion creates a crevice at the taper junction. Cyclic 
physiological loading in the presence of fluid, may generate a wicking action which could 
draw fluid into the taper junction (Jani et al., 1997). Therefore, stagnant fluid is able to collect 
within crevices which can initiate crevice corrosion. Corrosion is a destructive 
electrochemical reaction between a metal and its environment. Although there are different 
types of corrosion, some forms of corrosion have been identified as pertinent to orthopaedic 
alloys including pitting, crevice, galvanic, intergranular, stress-corrosion cracking and 
corrosion fatigue (Hansen, 2008).  
Crevice corrosion occurs in the presence of restricted areas on metal surfaces which 
form crevices which are just wide enough to permit fluid entry yet sustain a stagnant zone 
(Fontana, 2005). At the start of the process, oxidation and reduction reactions are balanced. 
Every liberated electron from the oxidation reaction is recruited in the reduction process; 
consequently, oxygen levels decrease with continuous reduction reactions in the crevice  
(Fontana, 2005). Continued oxygen consumption in the crevice results in depleted oxygen 
levels and the restrictive crevice geometry prevents the exchange of fresh fluid to renew the 
oxygen concentration (Cartner et al., 2016). Metallic dissolution continues within a crevice 
(equation 2), the metal ions also react with water (hydrolysis) (equation 4) which increases 
the acidity by the generation of hydrogen ions (Sridhar et al., 2005). Reduction reactions will 
also occur outside of the crevice resulting in an influx of anions from the adjacent 
environment into the crevice (Bryant and Neville, 2016). As a result of all these reactions, the 
crevice solution becomes concentrated with metallic chlorides. The metal chlorides can also 
undergo hydrolysis to form metal hydroxides and hydrochloric acid (HCl) (equation 5) 
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resulting in a further reduction in pH; active corrosion of the bulk metal occurs when the pH 
of the crevice solution is high enough to breakdown the passive film (Bryant and Neville, 
2016). The reduction of pH can also lead to pitting and etching of the surfaces (Cartner et 
al., 2016) where etching is also a form of corrosion attack (Collier et al., 1992). 
 𝑀 →  𝑀𝑛+  + 𝑛𝑒−(oxidation) (2) 
 O2 + 2𝐻2𝑂 +  4𝑒
− →  4𝑂𝐻− (reduction) (3) 
 
 𝑀+ + 𝐻2𝑂 →  𝑀𝑂𝐻 + 3𝐻
+(hydrolysis) (4) 
 𝑀+𝐶𝑙− + 𝐻2𝑂 → 𝑀𝑂𝐻 + 𝐻
+𝐶𝑙−(hydrolysis) (5) 
   
With respect to THR devices, a model of mechanically assisted crevice corrosion 
(MACC) (Figure 2-12) has been postulated. MACC describes a corrosion process initiated 
by relative movement at the interface due to mechanical loading and the interactive effects 
of fluid ingress into a crevice such as the taper junction (Pansard et al., 2012, Cartner et al., 
2016, Goldberg and Gilbert, 1997). After the fracture of the passive layer, the base metal is 
exposed to the corrosive physiological fluid. Repassivation occurs using dissolved oxygen in 
solution. Continuous loading sustains the depassivation-repassivation eventually depletes 
the dissolved oxygen in the crevice (Goldberg et al., 1997), thus initiating the crevice 
corrosion mechanism described above. According to Van Citters et al. (2015), the 
susceptibility of a taper junction to crevice corrosion is defined by a scaling factor which is 
related to the square of a crevice depth divided by its width.  Wherein, a large scaling factor 
is related to a deeper crevice and thus is associated with a reduced pH. Further, the oxide of 
CoCr becomes thermodynamically unstable at a pH below 3.5 and less likely to reform 
causing active corrosion of the base metal (Cartner et al., 2016).  
 




Figure 2-12 MACC model (Goldberg et al., 1997, Mali, 2016) 
 
2.2.1 Taper corrosion 
Head-neck taper corrosion was identified as a clinical concern in the 1980s and is the 
most common site of corrosion in single-site femoral component modularity in primary and 
revision THR procedures (Liodakis et al., 2015). Earlier reports of corrosion were attributed 
to less rigorous design tolerances, material processing and manufacturing techniques 
(wrought or cast) (Lavernia et al., 2015). Subsequent improvements coupled with the 
introduction of MoM hip implants resulted in a shift in the focus from the taper junction to 
MoM bearing interface (Lavernia et al., 2015, Cooper, 2014). However, recent retrieval 
studies have brought renewed focus on fretting and wear at the taper (Lavernia et al., 2015) 
due to an increase in failure rates of large-diameter metal-on-metal bearings. Modern taper 
corrosion has been reported as one of the causes for hip implant failure (Witt et al., 2014). 
Its occurrence is widely variable with reported incidences of between 0 and 95% (Pourzal et 
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al., 2016, Liodakis et al., 2015, Cooper, 2014, Matthies et al., 2013); although the higher 
rates have been broadly associated with large-diameter metal-on-metal bearings.   
Most of the studies with femoral modularity solely at the head-neck junction have shown 
that when corrosion is observed, it is often on the head taper. Where corrosion is observed 
on the stem, it is less severe. Generally, on the taper assembly, there is a higher degree of 
corrosion observed distally where there is exposure to physiological fluid (Tan et al., 2015, 
Triantafyllopoulos et al., 2016). Triantafyllopoulos et al. (2016) reported more severe fretting 
proximally on the trunnion and  Del Balso et al. (2015) found that the  central zone of the 
female taper showed increased fretting damage because it is the region where contact of the 
taper occurs.  
 
Figure 2-13 Head taper and trunnion corrosion (Higgs et al., 2016) 






Figure 2-14 Fretting marks on a 36 mm CoCr femoral head  (Morlock et al., 2016) 
2.3 Effect of corrosion 
Corrosion may be observed at modular junctions as either material loss or deposition 
(Witt et al., 2014). It generates ionic and particulate metallic products with associated 
increases in metal ion levels (Goyal et al., 2014) and adverse local tissue reactions (ALTR). 
Ionic products from CoCr alloys are predominantly Co2+ (Liao et al., 2013). The taper 
interface releases a significant amount of corrosion products (Lavernia et al., 2015) from 
either the male or the female taper (Matthies et al., 2013). Male tapers have been found to 
have negligible material loss. Matthies et al. (2013) reported a mean volumetric loss of 
0.34 mm3 from 36 femoral stems from titanium and cobalt chrome alloys; the group indicated 
that the mean volume of material lost from the head tapers was 3.6 mm3 and concluded that 
the volumetric loss from the head taper is at least comparable to the loss from the acetabular 
bearing component but can be more than bearing wear. Although Langton et al. (2016) 
defined taper failure as head taper wear volume, of over 0.5 mm3 with an asymmetric and 
circumferential wear pattern. Table 2-2 shows that the volumetric wear at the female taper 
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could exceed 20 times this value; in addition, this value may be considered conservative 
because the male tapers which were defined as having negligible material loss by Matthies 
et al. (2013) were in the range 0 – 0.83 mm3. 
 




=mean± stdev *=not available 
Bearing 
combination 
Head taper Male taper References 
MoM 0.46 –13.67  * Langton et al. (2012)  
MoM 0-4.29 0-0.36 Matthies et al. (2013) 
MoM 0.593 - 4.871 0.005-0.006 Bishop et al. (2013) 
MoM 1.96 ± 4.92Ϯ 0.02 ± 0.05 
Witt et al. (2014) 
4.05 ± 5.48 1.28 ± 1.84 
MoM 0.0002 – 2.178 * Hothi et al. (2015) 
MoM 0.402 – 0.123 * Brock et al. (2015)  
* * 0.04 – 0.28  Bone et al. (2015) 




0–8.70 0–0.32 Kocagoz et al. (2016)  
MoP 0.084 * Hothi et al. (2017a) 
 
Particulate corrosion products are found either at the taper interface or the entry to the 
taper junction (Figure 2-15a). The main solid corrosion product has been found to be 
chromium orthophosphate. Chromium orthophosphate particles are amorphous and 
translucent, irregularly shaped, green to yellow and range in size from submicron to 400 µm, 
(Jacobs et al., 1998); it has been found to be deposited loosely at the mouth of the taper 
junction thus able to migrate into the joint space (Figure 2-15b). Cobalt phosphate can also 
be found at severely corroded taper junctions. The thin layer (~ 20 μm) of crystalline oxides 
and chlorides formed inside the junction (Figure 2-15a) are susceptible to delamination from 
the surface (Hall et al., 2015). In the presence of Ti alloys, corrosion products can also 
include titanium oxides or hydroxides (Hall et al., 2015), which are seen as black, violet or 
white deposits which may be opaque or translucent (Jacobs et al., 1998). They are needle-
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like, highly crystalline and can be an order of magnitude larger than cobalt and chromium 
particles (Hall et al., 2015).  
 
Figure 2-15 (a) Locations of corrosion products at a taper junction A= thin interfacial layer of mixed 
oxides and chlorides B=thicker deposits of chromium-orthophosphate hydrate-rich corrosion products 
(b) Chromium orthophosphate on a retrieved CoCr trunnion; adapted from (Jacobs et al., 1998, Hall et 
al., 2015) 
The effects of both particulate and ionic corrosion products are widespread necrosis of 
the periprosthetic tissues, local synovitis, osteolysis, component loosening, and early failure 
(Hussenbocus et al., 2015, Jacobs et al., 1998). Adverse tissue reactions, also known as 
pseudotumours, have been identified a mechanism of failure in THR (Ricciardi et al., 
2016)  with symptoms including pain, fluid accumulation in the joint space, soft tissue 
necrosis and abductor muscle loss (Liodakis et al., 2015). Local tissue destruction coupled 
with abductor weakness sometimes additionally results in instability (Plummer et al., 2016). 
Implant fractures may occur (Berry et al., 2014), although these are extremely rare with 
devices with sole modularity at the head-neck junction. For dual modularity designs, they 
have been reported as the second most prevalent problem after ALTR with an incidence of 
2.4 % reported in one dual modularity design (Cooper, 2014). The generation of debris at the 
taper may result in the ceramic bearing failure if the particles were to migrate to the bearing 
surface and initiate a 3rd body wear mechanism (Huber et al., 2009).  
Aside from localised effects, ionic and particulate corrosion products are feared to have 
systemic implications in remote organs. This is due to their dispersion via lymphatic and 
a b 
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haematogenous transport (Hall et al., 2015). Particles have been discovered in the liver, 
spleen, abdominal lymph nodes and placenta of patients with THRs (Osman et al, 2016). 
Divalent Co is most commonly found nonetheless, it can also exist in its trivalent state Co(III) 
(Valko et al., 2005). Systemic toxicity of cobalt has been reported to result in 
cardiomyopathy, depression, weight loss or gain, haemolytic anaemia, and local motor and 
sensory dysfunction (Cooper, 2014, Witt et al., 2014). The most common oxidation states of 
Cr are trivalent Cr(III) and hexavalent (Cr(VI)) (Afolaranmi et al., 2008). Cr(VI) has been 
reported to be highly genotoxic; however, it is detoxified by entering into the red blood cells 
and undergoing reduction to its trivalent state. The resulting Cr(III) exhibits reduced toxicity 
in comparison to Co(II) (Kwon et al., 2009, Posada et al., 2015).  
Ultimately, a component which induces symptoms, produces elevated metal levels 
recorded in the blood or urine, and causes localised soft-tissue reactions may be considered 
to be corroded and will need to be revised (Cooper, 2014). The outcome of revisions when 
corrosion is present has been found to be significantly worse than revisions when 
observable corrosion is not present (Cooper, 2014, Liodakis et al., 2015). The female taper 
(for single taper designs) is known to corrode preferentially over the trunnion (Hothi et al., 
2016b). Therefore, in revising the implant due to clinically significant symptomatic corrosion, 
a metal head is most commonly replaced with a ceramic head (Lanting et al., 2016).  It has 
been suggested that the stem should be left in situ provided a taper lock can be achieved 
with a new head (Lanting et al., 2016) as the removal of a well-fixed stem would result in 
significant bone loss and soft tissue damage, delayed recovery as well as increased risks of 
femoral fracture (Goyal et al., 2014). Moreover, Goyal and associates showed that retaining 
a corroded yet well-fixed stem does not normally result in re-revision due to corrosion.  
The revision of a corroded femoral component with a ceramic head has been shown to 
result in a rapid reduction in serum metal levels (Hussenbocus et al., 2015). Goyal and 
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associates (2014) also concluded that replacing a corroded head with a metal head does not 
appear to unfavourably affect the survivorship even when the stem is corroded.  
2.4 Detection of taper corrosion 
2.4.1 Clinical diagnosis  
A painful THR may be suggestive of taper corrosion (Hussenbocus et al., 2015). 
However, it is difficult to ascertain this because other conditions such as bursitis, infection 
and loosening also present with pain (Pivec et al., 2014). Pivec et al. (2014) reported that 
corrosion presents as groin pain usually after a pain free period (1 – 2 years) with the patient 
feeling like their arthritis is returning. However, Pansard et al. (2012) countered the idea that 
an initial pain-free period is necessary when they reported a case of severe taper corrosion 
with no pain-free interval; therefore, a radiographic evaluation is required. Erosion of the 
bone adjacent to the taper junction is frequently reported due to increased ion exposure 
(Pivec et al., 2014, Moskal and Stover, 2015). Alternatively, an MRI with metal artefact 
reduction sequencing (MARS) protocols can be used to detect associated joint effusion or 
soft tissue masses;  where an MRI is unavailable or contraindicated, an ultrasound may be 
used (Cooper, 2014). Tissue biopsies can be performed to confirm a diagnosis of an 
adverse reaction from taper corrosion (Cooper, 2014).  
Further, Morlock et al. (2016) suggested that a Co/Cr ratio of more than 1.5 in 
conjunction with clinical symptoms is indicative of a malfunctioning taper. More commonly, 
the consensus is that elevated serum cobalt relative to chromium, with only minimally 
elevated serum chromium, indicates taper corrosion (Carli et al., 2015, Hussenbocus et al., 
2015, Pivec et al., 2014, Plummer et al., 2016, Nodzo et al., 2017, McGrory et al., 2017). At 
a minimum, this represents a Co/Cr ratio greater than 1. Chromium is minimally elevated in 
serum as a result of the precipitation of chromium orthophosphate (CrPO4) (McGrory and 
McKenney, 2016). These findings are different to the reported clinical findings from a heavily 
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wearing bearing surface of MoM THR wherein both ions increase in the same ratio 
(Jennings et al., 2016).  
Ion analyses of serum, blood and urine have been performed predominantly utilising two 
methods namely Inductively Coupled-Mass Spectrometry (ICP-MS) or Atomic Absorption 
Spectroscopy (AAS).   
An ICP mass spectrometer combines a high-temperature plasma source with a mass 
spectrometer wherein the ICP source ionises the atoms of the elements present in the 
sample and the ions are subsequently separated and detected by the mass spectrometer. 
The ICP is generated in a torch with three concentric quartz tubes using an induction coil 
and a radiofrequency (27-40 MHz) power supply (Montaser, 1998, Olesik, 2000). An 
oscillating current in the coil induces an intense magnetic field at the top of the torch 
(Thomas, 2004). A flow of argon is introduced between the two outermost tubes of the torch 
(Montaser, 1998). A high voltage spark is applied causing the argon atoms to be stripped of 
electrons. The electrons are accelerated by the oscillating magnetic field, colliding with more 
argon atoms, stripping off more electrons (Thomas, 2004). The continuous collision of 
atoms, ions and electrons, forms argon plasma of very high temperature (~10,000 K) 
(Sneddon and Butcher, 2002). The sample to be analysed is introduced into the central 
channel of the torch and thus the argon plasma (Levinson, 2001). This could be achieved by 
introducing an aspirated liquid or dissolved solid into a nebuliser or by the use of laser 
ablation of a solid sample (Vanhaecke, 2012). Once the sample aerosol is introduced into 
the ICP torch (Figure 2-16), the elements in the aerosol are converted into gaseous atoms 
and collisions between the atoms of the analyte and the electrons result in ionisation towards 
the end of the plasma. The ions are analysed in a vacuum via mass spectrometry and are 
separated by their mass-to-charge ratio (Vanhaecke, 2012). A detector receives an ion 
signal proportional to the concentration. The concentration of a sample can be determined 
through calibration with reference standards (Wang, 2010).  




Figure 2-16 Schematic of ICP-MS instrument (Olesik, 2000) 
In atomic spectrometry, the interaction of the sample with light provides qualitative and 
quantitative information about its constituent elements. A sample of interest is atomised by 
heating so that the atoms of the analyte absorb energy and are excited to a higher energy 
level (Levinson, 2001). The constituent elements can thus be identified and quantified by the 
absorption of specific wavelengths of light since there is a direct relationship between the 
amount of light absorbed and the concentration of the element in the light path (Levinson, 
2001). Common atomisers used to excite the atoms are flame and furnace electrothermal 
(graphite furnace) (Sneddon and Butcher, 2002). These correspond to the Flame Atomic 
Absorption Spectroscopy (FAAS) and Graphite Furnace Atomic Absorption Spectroscopy 
(GFAAS) (Figure 2-17) techniques respectively. 
 




Figure 2-17 Schematic of GFAAS instrumentation adapted from Sneddon and Butcher (2002) 
In the GFAAS technique, an incident light is used from a hollow cathode lamp or 
electrodeless discharge lamp (Schlemmer and Radziuk, 1999), corresponding to the 
excitation wavelength of the analyte of interest. A hollow graphite cylinder is placed in the 
path of the light. The analyte is introduced into the graphite tube through a dosing hole in the 
centre of the tube via a micropipette. The graphite tube is purged with an inert gas such as 
argon and a current heats the tube in stages to dry or evaporate, ash and atomise the 
sample at increasing temperatures up to 3000°C (Nadkarni, 1991). Atomisation of the 
sample generates a transient absorption signal (Figure 2-19) since absorbing atoms of the 
analyte diminish the intensity of the incident radiation Io (Nadkarni, 1991). The reduction in 
intensity is dependent upon the absorption coefficient or absorptivity ‘a’, the concentration of 
atoms ‘c’ and to the length of the absorption volume or path length of the atomisation cell ‘b’ 
Graphite    
tube 
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(Figure 2-18). The original radiation intensity is reduced by a logarithmic function so that the 
absorbance:  
A = log Io/I= abc  
where ‘a’ and ‘b’ are constants 
 
Figure 2-18 Schematic showing the incident and diminished intensities Io and I and the path length b 
(Sneddon and Butcher, 2002)  
The absorbance A has a linear correlation to concentration c that becomes non-linear at 
higher concentrations (Levinson, 2001). The relationship is used in calibrating the instrument 
by measuring the absorbance values of standard concentrations (Levinson, 2001). A 
calibration curve is generated and concentrations of samples of interest can then be 
calculated from their absorbance values.  
 
Figure 2-19 A transient GFAAS absorption signal  (Butcher and Sneddon, 1998) 
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Alternatively, flames of air-acetylene or nitrous oxide-acetylene could be used as an 
atomisation source wherein the sample is nebulised into the flame This mode is termed 
Flame Atomic Absorption Spectroscopy (FAAS) (Pansu et al., 2001). In comparison to 
GFAAS, FAAS, requires a larger sample volume for analysis (~ml) (Levinson, 2001). As 
shown in Table 2-3, ICP-MS has detection limits an order of magnitude lower than AAS, and 
ICP-MS is capable of analysing multiple elements. 
Table 2-3 Comparison between AAS, GFAAS, ICP-MS techniques (ThermoElemental, 2001) 




Co 0.0001-0.001 0.5 5 
Cr 0.0001-0.001 0.025 6 
Dynamic range 108 102 103 
Precision (%) Short term 0.5-2 0.5-5 0.1-1 
Long term 2-4 1-10 2-beam: 1-2 
1-beam: <10 
Sample throughput All elements in 






2.4.2 Laboratory evaluation  
The occurrence and extent of corrosion can be confirmed in retrieved components using 
macroscopic and microscopic visual techniques including optical or electron microscopy 
(Whittaker et al, 2016). Along with electron microscopy, energy-dispersive x-ray spectrum 
(EDS) analysis can be used to confirm the elemental composition of corrosion deposits. 
Using imaging techniques, corrosion damage can be characterised by different surface 
features; these features include the transfer of machining features of the male taper onto the 
female taper surface known as imprinting. Pitting corrosion presents with several pits (Figure 
2-20a) and intergranular corrosion (Figure 2-20b) exhibits material loss along grain 
boundaries (Hall et al., 2015).  
Goldberg method (Table 2-4) is a semi-quantitative technique of evaluating, the extent of 
fretting and corrosion observed in components. This technique was introduced in 1993 and 
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classifies the damage due to corrosion by assigning values from 1 to 4 where 1 indicates no 
visible corrosion and 4 indicates severe corrosion; a 2002 modification of the scoring 
technique included fretting as well as corrosion (Gilbert et al., 1993, Knutsen et al., 2015, 
Goldberg et al., 2002). It has been suggested that there is a correlation between the 
Goldberg score and the volume of material lost at the taper junction (Matthies et al., 2013, 
Racasan et al., 2015). In characterising corrosion in an explant, the volume of material lost 
can be measured using a variety of techniques including out-of-roundness measuring 
machines (such as the Talyrond 365, Taylor Hobson, Leicester, UK), optical profilers and 
coordinate measuring machines (CMM). The CMM is capable of measuring of measuring 
linear differences to better than 2 µm, and volumetric loss to within 1 mm3 but it is limited by 
the diameter of the stylus which may be unable to penetrate the depth of the crevice as 
shown in Figure 2-21 (Van Citters et al., 2015, Cook et al., 2015). Hence, more recently, the 
use of an optical CMM – Redlux Ultraprecision Optical CMM (RedLux Ltd, Southampton UK) 
has become prevalent. In contrast to contact CMM, the optical CMM produces a high 
resolution 3D map of the part’s form.     
  




Figure 2-20 Corrosion patterns on CoCr: A=intense pitting corrosion, B =intergranular corrosion, 
etching and pitting (Hall et al., 2015) 
 
Table 2-4 The Goldberg assessment visual scoring criteria for evaluating fretting and corrosion (Di 
Prima et al., 2015) 
Severity Score Goldberg criteria  
Corrosion Fretting 
None 1 No visible corrosion 
observed 
- 
Mild 2 <30% of taper surface 
discoloured or dull 
Single band or bands of 
fretting scars involving three or 
fewer machine lines on taper 
surface 
Moderate 3 >30% of taper surface 
discoloured or dull 
<10% of taper surface 
containing black debris, pits, 
or etch mark 
Several bands of fretting scare 
or single band involving more 
than three machine lines 
Severe 4 >10% of taper surface 
containing black debris, pits 
or etch mark 
Several bands of fretting scars 
involving several adjacent 
machine lines or flattened 




Figure 2-21 CMM probe relative to a crevice depth adapted from Van Citters et al. (2015)  
(a) (b) 




Figure 2-22 Schematic representation of Talyrond 365 out-of-roundness measuring equipment during 
head taper measurement adapted from Racasan et al. (2015), Whittaker et al. (2016) 
 
Figure 2-23 An example of material loss measurements from head tapers on an optical CMM (Cook et 
al., 2015) 
 
2.5 Factors affecting taper corrosion 
The potential for corrosion at a particular modular junction is multifactorial. This could be 
implant design, biological, patient related or factors due to surgical implantation. The 
duration exposed in vivo has also unsurprisingly been reported to show a significant 
influence on the severity of corrosion (Walker et al., 2016, Higgs et al., 2016). However, in a 
retrieval study evaluating the severity of corrosion for oxidised zirconium (OxZr) and CoCr 
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heads, Cartner et al. (2013) concluded that there was no correlation between the severity of 
corrosion and time. When fretting was considered in isolation, it was suggested that there is 
no correlation with time because fretting marks are removed as time progresses (Goldberg 
et al., 2002). However, whilst time in vivo was associated with both male and female fretting 
but not corrosion (Triantafyllopoulos et al., 2016), Nassif et al. (2014) did not find any 
correlation between fretting or corrosion and time in vivo.   
2.5.1 Implant Design Factors   
2.5.1.1 Head size  
The recent concern related to taper corrosion was raised as a result of the increased 
failure of large diameter MoM bearings. Large heads (≥ 36 mm) were introduced due to their 
increased stability (Figure 2-24); the use of heads larger than 32 mm reduced dislocation 
rates by between  35 - 43 % (Ullmark, 2016). Large heads have also been reported to 
achieve a larger ROM at the bearing interface (Morlock et al., 2011), although this in part 
depends on the neck diameter and cup design (Figure 2-25).  
 
Figure 2-24A (a) smaller femoral head may dislocate after only a short distance (b) A larger head must 
travel a greater distance; distance before dislocation indicated by the red arrows (Ullmark, 2016) 
 




Figure 2-25 Increased range of motion for increasing head size; adapted from Altimed JSC (2012) 
For a given bearing material combination and load, larger heads will generate higher 
friction moments at the bearing surface since the bearing surface torque (𝑇𝑡) is proportional 
to femoral head radius (equation 6).  
 𝑇𝑡 = 𝑓𝐿𝑅  (6) 
𝐿= peak load, 𝑅=radius of femoral head, 𝑓= friction factor 
Bearing surface torque in turn can transmit larger shear forces to the taper junction and it 
has been proposed this could damage the oxide layer and initiate MACC (Ullmark, 2016, 
Witt et al., 2014).  It has been reported that torque influences fretting and corrosion more 
than axial load (Tan et al., 2015). However, there are conflicting reports of the effect of head 
size (Table 2-5) wherein some have found that larger heads result in higher taper wear and 
corrosion (Whittaker et al., 2016, Dyrkacz et al., 2013), whilst others found no relationship 
between the occurrence or severity of corrosion and head size (Cartner et al., 2013) with 
heads as small as 28 mm showing mild as well as severe corrosion (Tan et al., 2015).  
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Table 2-5 Summary of studies reporting the effect of head size on taper fretting and/or corrosion 
 
2.5.1.2 Bearing material combination 
The materials utilised in bearing pairings will result in changes in the friction at the 
bearing surface which may also have implications for the stability of a taper junction 
(Donaldson et al., 2014). As indicated in equation 6, the frictional torque at the bearing 
surface is a function of the friction factor. The friction factor is a dimensionless parameter 
which is similar to the coefficient of friction, which facilitates comparisons of the effect of 
material combinations, implant size and design, lubricant, and load and motion profiles (Jin 
et al., 2006b). For a given femoral head diameter and maximum load, MoM bearings will 
generate higher torques since these components have been shown to result in higher friction 
factors (Figure 2-26).   
Study Material combination  Conclusion Reference 
Retrieval CoCr/Ti 
CoCr/ FeCrNiMnMoNNb 
 Head size did not correlate with metal ion release 
from the unstable tapers 
Meyer et al. 
(2012) 




 Increased head size did not correlate to higher 
corrosion scores 




 A 5 mm increase in femoral head size caused a 
26% increase in taper wear rate 





 Fretting and corrosion of male and female tapers 
were not affected by head size 
Triantafyllopoulos 
et al. (2016) 
Review CoCr/SS  Torsional forces at the trunnion increase as head 
size increases 
 A large head on a narrow taper increases the risk of 
corrosion at the head-neck due to increased torque 




 Large maximum micromotion was observed when 
large head is used 
Theodore et al. 
(2013) 
In vitro CoCr and OxZr heads  No relationship between mean Goldberg score and 
head size 
Cartner et al. 
(2013) 




Figure 2-26 Friction factor measured for different bearing combinations and lubricants (Brockett et al., 
2007) 
Bearing friction is dependent upon lubrication conditions at the bearing surface and poor 
lubrication will result in increased torque (Panagiotidou et al., 2015). The type of lubrication 
at the bearing surface of hip implants is described by the lambda ratio (𝜆) (equation 7), 
where 𝜆 ≤1 refers to boundary lubrication, 1 < 𝜆 < 3, mixed lubrication and 𝜆 > 3, full fluid 
lubrication. The lambda ratio depends on material (elastic modulus and Poisson’s ratio), 
geometrical (radius) and surface properties (composite surface roughness) of the bearings, 
lubricant properties (viscosity) at the bearing surface as well as operating conditions at the 
articulating surface (load and entraining velocity) (equation 10). The minimum film thickness 
ℎ𝑚𝑖𝑛 defines the relationship between the material, geometrical, and lubricant properties as 
well as the operating conditions (equation 8 – equation 12). 
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𝑣𝑖(Poisson’s ratio),  𝐸𝑖(Elastic modulus) 
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The Stribeck curve (Figure 2-27) indicates how operating conditions such as lubricant 
viscosity, sliding speed and load, influences the type of lubrication and consequently, the 
friction and wear properties at a bearing surface (Malik and Malik, 2015). A higher friction 
factor is associated with boundary lubrication than mixed and fluid film lubrication with the 
potential to increase the torque transmitted to the taper. Ideally, CoC and MoM components 
operate in full fluid film or mild mixed lubrication; MoP bearing combinations however 
operate in a mixed or boundary regime as a result of their rougher surface finish (Brockett et 
al., 2007). It is important to note that the Stribeck curve describes idealistic conditions, 
lubrication at the bearing surface may be affected by gait conditions such as stop-start or 
microseparation as well as design features such as low head-cup clearance (Hadley, 2012, 
Damm et al., 2013). 




Figure 2-27 Stribeck curve where 𝒛 =  
𝛈𝒖𝑹
𝑳
where 𝛈 = viscosity of the lubricant, 𝑹 =femoral head radius,    
𝒖 = entraining velocity of the bearing surfaces and 𝑳 = load (Jin et al., 2006b)  
Despite the theoretical relationship between friction factor and lubrication with torque and 
the supposed influence of torque on passive oxide layers, Latham et al. (2013), found no 
difference between MoM and MoP bearings with respect to corrosion. Moga et al. (2013), 
report that there is no significant difference in fretting and corrosion in head tapers and no 
statistical difference in trunnion fretting damage occurred between the two bearing 
combinations.   
2.5.1.3 Head offset  
A neutral (0 mm) offset is a condition where the head centre is coincident with the 
trunnion gauge point (Cartner et al., 2016). Deviations may occur such that the head centre 
sits proximal or distal to the trunnion gauge point at positive and negative offsets 
respectively.  In the literature, reported offset options range from -3 to +12 mm (Cartner et 
al., 2016, Martin et al., 2016, Del Balso et al., 2015). The ability to vary the offset is one of 
the main benefits of modularity at the head-neck junction. During the surgical procedure, the 
femoral offset can be altered, independent of femoral stem fixation in order to restore the 
assumed physiological centre of the hip joint (Del Balso et al., 2015).  
Head offset has been reported to influence fretting at the taper junction in retrieval 
analyses as well as following in vitro evaluations, as indicated in Table 2-6. In a retrieval 
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study,Del Balso et al. (2015) observed that the largest head offset showed the highest 
fretting. In laboratory evaluations,  Gilbert et al. (2009) also found increased fretting damage 
in +6 mm offset heads as compared to heads with neutral offset whilst Panagiotidou et al. 
(2015) showed that larger offset heads result in increased in fretting corrosion currents. The 
increase in fretting with higher offsets has been associated with larger bending moments at 
the junction as well as a change in the motion at the junction from pistoning to rocking, 
where rocking increases micromotion (Panagiotidou et al., 2015, Donaldson et al., 2014). 
Rocking associated with increased offset was first described by Gilbert et al. (2009) where 
taper assemblies with a + 6 mm offset displayed large lateral motion. 
Table 2-6 Summary of studies reporting the effect of head offset on taper fretting and/or corrosion 
*Oxidized zirconium, **Biolox Delta 
 
2.5.1.4 Taper material combination  
Historically, corrosion was attributed to less rigorous design factors including design 
tolerances, material processing and manufacturing techniques (Lavernia et al., 2015) as well 
as the use of dissimilar alloys. In a multicentre retrieval study,Goldberg et al. (2002) reported 
a higher incidence of corrosion in mixed alloy couples (CoCr/Ti). However, as early as 1998, 
it was reported that severe and extensive corrosive attack also occurred in same alloy 
combinations (CoCr/CoCr) (Jacobs et al., 1998) which has continued to be reported in more 




FEA CoCr/Ti  Fretting work done is sensitive to head offset  Donaldson et al. 
(2014) 
In vitro CoCr and OxZr* 
heads 
 There is a parabolic relationship between mean 
corrosion scores and head offset 
Cartner et al. 
(2013) 
In vitro CoCr/Ti 
CoCr/CoCr 
Ceramic**/CoCr 
 Higher offsets produced higher fretting corrosion 
currents due to increased bending moments  
 Ti stems showed the highest corrosion currents 
 Using ceramic heads did not prevent corrosion 
currents 




 + 8 mm heads showed greater total fretting scores 
than -3, +0 and + 4 mm offsets 
Del Balso et al. 
(2015) 
Retrieval  CoCr/Ti 
CoCr/CoCr 
CoCr/TMZF 
 a 1 mm increase in head offset resulted 20% 
increase in the Goldberg score 
Higgs et al. (2016) 
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be the predominant factor for ion release from the tapers (Table 2-7) (Levine et al., 2013, 
Reclaru et al., 2002).   
The use of ceramic heads on metal trunnions has been shown to reduce both fretting 
and corrosion at the head-neck junction with a single modular feature since only the trunnion 
is then susceptible to passive oxide layer damage (Kurtz et al., 2013). However, it should be 
considered that larger diameter ceramic heads paired with ceramic cups, under poor 
lubrication regimes, have been reported to generate greater frictional torque than MoM 
bearings of the same diameter (Girard, 2015) which may thereby compromise the stability of 
the head-neck taper. 







In vitro CoCr / SS 
CoCr /CoCr 
CoCr/Ti 
 The anodic current at the taper is more dependent on the 
polarisation potential of the materials than the galvanic 
coupling of dissimilar materials 




In vitro CoCr/SS  The CoCr/SS combination exhibits negligible galvanic 
corrosion with no risk of initiating crevice corrosion 
Reclaru et al. 
(2002) 
In vitro CoCr /SS  
CoCr / CoCr  
 Fretting was initiated at lower loads in  CoCr/SS couples in 
comparison to CoCr/CoCr  








 There was an absence of surface corrosion for same alloy 
combinations 
 Corrosion increased in mixed alloy combinations  
Cook et al. 
(1994) 
In vitro:  
CoCr /Ti  
CoCr/CoCr  
Zr* /Ti  
Zr /CoCr  








 No corrosion was observed in the same alloy retrievals or the 
factory made mixed alloy combination but corrosion was 




Retrieval  CoCr/CoCr  
Ti/Ti 
CoCr/Ti  
 Mixed alloy combinations had significantly higher head and 
neck corrosion scores than same alloy combinations  
Goldberg et al. 
(2002) 
Retrieval  CoCr/CoCr  
Ti/Ti  
CoCr/Ti  
 None of the CoCr/CoCr or Ti/Ti corroded 
 56.6% of CoCr/Ti corroded 
Collier et al. 
(1991) 
Retrieval  CoCr/CoCr  
CoCr/ Ti  
 Significant corrosion was observed in both metal combinations  
 
Gilbert et al. 
(1993) 
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2.5.1.5 Taper Dimensions 
The taper dimensions that have been associated with the susceptibility to corrosion 
include the diameter, length, angle of the male and female tapers as well as the clearance 
between the two tapers. Some of the effects of geometrical features reported in the literature 
are summarised in Table 2-9. 
2.5.1.5.1 Angular mismatch  
Taper mismatch, also known as taper clearance, is defined as the difference between 
the head taper and trunnion angle (Jani et al., 1997). The mating of two tapers at a junction 
can result in zero, positive or negative mismatch. The extent of the mismatch controls the 
contact area and the position of contact between the components. Therefore, a positive 
mismatch (or clearance) represents a head angle greater than the trunnion angle and 
creates a proximally contacting taper, with contact occurring towards the innermost region of 
the taper, Figure 2-28a. This is in contrast to a distally contacting taper created by a negative 
mismatch wherein there is a smaller angle at the head taper angle than the trunnion (Jani et 
al., 1997) and contact occurs over the outermost region of the interface (Figure 2-28b).  
 
Figure 2-28 Schematic of (a) proximal contact (b) distal contact 
There is an indication that tapers utilised in THRs are designed to contact proximally. 
The earliest use of Morse tapers in THR was to combine an Alumina femoral head with a 
metal stem (Johnston et al., 2007). A proximal contacting taper construct with a ceramic 
head prevents large tensile stresses occurring at the entrance of the taper (Figure 2-29); this 
reduces the risk of head fracture (Cales and Stefani, 1998). Johnston et al. (2007) indicated 
(a) (b) 
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that a taper angle of 5°38’22’’ was chosen to minimise tensile strains in the femoral head, 
although, larger angles are currently being used by many manufacturers. The design feature 
of proximal contact appears to have been assimilated into all-metal taper designs (Hernigou 
et al., 2013) since implant manufacturers design stems suitable for both ceramic and metal 
heads in order to minimise stock (Langton et al., 2012).  
 
Figure 2-29 Variation of principal stress along 12/14 5° ceramic head tapers (adapted from (Cales and 
Stefani, 1998) 
It is broadly assumed that the fretting damage at the taper can be controlled by adequate 
angular tolerance of the components (Abdullah, 2010) and it has been suggested that the 
taper mismatch should be larger than the female taper by 0 - 5 minutes (Abdullah, 2010, 
Johnston et al., 2007). However, Parekh et al. (2016) concluded from their FE study that 
within a tolerance of ±0.015o, both positive and negative angular mismatches generate 
similar contact pressures and micromotion. With respect to corrosion, distal contact would 
not permit fluid into the taper interface (Figure 2-30a) and therefore would limit the initiation 
of crevice corrosion. However, a distally contacting taper may allow crevice corrosion to 
occur if fluid is drawn in by wicking during gait (Jani et al., 1997). In contrast, a proximally 
contacting taper would be more open to joint fluids (Figure 2-30b) such that the depleted 
oxygen condition encouraging crevice corrosion would not occur (Jani et al., 1997). 
However, in a retrieval study of ceramic and metal heads, Kocagöz et al. (2013) found no 
correlation between the taper mismatch and the visual corrosion scores. 




Figure 2-30 a) Distal contact with a closed junction (b) Proximal contact showing an opened taper 
junction in contrast to adapted from Jani et al. (1997) 
 
2.5.1.5.2 Taper diameter  
Trunnions with smaller diameters provide a larger impingement-free ROM (Figure 2-31). 
However, slimmer trunnions have a smaller total surface area for the interference fit and this 
could result in increased micromotion at the junction (Hussenbocus et al., 2015). Moreover, 
the use of a thinner trunnion with a larger head could compromise the taper integrity due to 
the combination of high frictional torque and smaller surface area (Morley et al., 2012, 
Morlock et al., 2011).  
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2.5.1.5.3 Trunnion length 
The reduction in length of a trunnion means that they can sit entirely within the head 
taper (Figure 2-32). This reduction in length has been associated with edge loading at the 
trunnion base and may result in increased stresses and subsequent damage of the head 
taper (Tan et al., 2015, Esposito et al., 2014, Hussenbocus et al., 2015).  The combination of 
edge loading with a low taper angle, causes large shear forces (Tan et al., 2015), which may 
facilitate corrosion by initiating the damage of the oxide layer. For longer trunnions, however, 
the surface area available to support the loading may not constitute the actual area under 
loading. Indeed, shorter tapers may exhibit comparable contact areas to longer tapers 
(Jauch-Matt et al., 2017). 
           
Figure 2-32 Engagement of a (a) short trunnion and (b) longer trunnion along a head taper adapted from 
Hothi et al. (2015) 
2.5.1.5.4 Flexural rigidity 
Trunnion rigidity defined in equation 13, has been identified as one of the strongest 
predictors of corrosion (Porter et al., 2014). In an evaluation of retrieved head tapers, Higgs 
et al. (2016) showed that head tapers paired with more rigid trunnions exhibited less fretting 
and corrosion damage. 
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Where        𝐸 =modulus of elasticity  
 𝐼 = moment of inertia of the cross section about the bending axis  
    𝑁𝐷 = neck diameter   
The neck diameter 𝑁𝐷 relates to the proximal (𝐷1) and distal (𝐷2) diameters (Porter et 
al., 2014) as shown in equation 14 below 







(𝐷1 −  𝐷2)   (14) 
The flexural rigidity of a trunnion is dependent upon both material and geometric 
characteristics. For a given material, a thinner taper would be more likely to deform more 
under loading resulting in the opening of the distal junction and subsequent fluid ingress 
(Brock et al., 2015). There is a large variability in the flexural rigidity of trunnions (Porter et 
al., 2014), due to the variability in the elastic modulus used (Table 2-8), as well as the 
variation in taper geometry. The use of shorter and thinner trunnions has been utilised 
recently in addition to the manufacture of stems with lower modulus alloys such as TMZF 
leading to decreased trunnion rigidity. Flexural rigidity  values of 91 – 873.2 Nm2 have been 
reported by Goldberg et al. (2002) whilst Porter et al. (2014) reported a range of 80 – 623 
Nm2. More recently, Higgs et al. (2016) reported even lower trunnion flexibility ranging from 
84.5 – 402.6 Nm2 
Table 2-8 Modulus of elasticity of common femoral stem alloys (Porter et al., 2014, Wang, 1996) 
Alloy Elastic modulus (GPa) 
TMZF 74-85 
Ti-13Nb-13Zr 79-84 
Ti-6Al-4V (Ti) 110-116 
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Table 2-9 Some studies reporting the effect of taper geometry on taper fretting and/or corrosion 
 
2.5.1.6 Surface Roughness at Taper Junction 
The plastic deformation of the surface asperities has been assumed to increase the 
contact area at the junction. However, if surgical impaction does not result in the plastic 
deformation of the asperities, then the contact area at the junction will be considerably 
smaller than the apparent area (Munir et al., 2013). Indeed, it has been suggested that the 
roughness features may initiate a corrosion mechanism (Table 2-11). Rough trunnions are 
seen to imprint upon female tapers when the taper components are dismantled, although 
there are conflicting reports regarding their effect. Imprinting of threads during assembly may 
initiate local corrosion process (Van Citters et al., 2015). Upon impaction of the head on a 
trunnion, the mating of a rough trunnion with a smooth head taper results in the damage of 
the head taper oxide layer as well as plastic deformation of the thread peaks; the resulting 
gaps may be 10-15 μm deep and thereby create a crevice which collects fluid and allows 
corrosion to proceed (Van Citters et al., 2015). In addition, surface ridges may enable fluid to 








 With necks, flexural rigidity was inversely related to 
head and neck corrosion scores 
 Flexural rigidity of the neck was independent of 
neck or head fretting scores 
 Neck length had no effect on fretting or corrosion 
of the head and neck 
Goldberg et al. 
(2002) 




 Wear debris generated at the taper interface 
increased with increasing taper mismatch 
Cook et al. (1994) 






 The peak stress and gap opening at the taper 
engagement level depends on the material 
coupling: Ti causes a larger gap due to its lower 
modulus.   
 CoCr/CoCr combination gaps less under bending 
but peak high stresses; localised high stresses 
accelerate corrosion  
Chu et al. (2000) 
CoCr/Ti  Fretting work done is sensitive to taper angle 
clearance 
Donaldson et al. 
(2014) 
CoCr/Ti  Micromotion increased on the male component 
with increasing tolerance 
Shareef and Levine 
(1996) 
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(Hussenbocus et al., 2015). The stability of the taper may be lower for a rough compared to 
a smooth trunnion; the  dissociation force at the taper junction was found to be 22 - 35 % 
lower when the roughness, Ra,  of the trunnion was increased from 1 to 4.2 µm (Yavari and 
Idris, 2016). Conversely, Pourzal et al (2016) reported that sharper trunnion peaks resulted 
in lower stem damage in both the same and mixed alloy couplings whilst Arnholt et al. (2015) 
did not find a correlation between trunnion morphology and fretting and corrosion damage at 
the taper interface.  
It is possible that the lack of consensus on the effect of trunnion topography is because 
there is no standard for taper roughness profiles for either male or female tapers. A single 
manufacturer may adopt different profiles, as shown in Figure 2-33. In a comparison of 7 
commercially available stems from 5 manufacturers, varying roughness features, including 
such as thread height and pitch were observed (Munir et al., 2013). Different thread heights 
and peaks will result in different contact points over the length of the taper interface and load 
distribution between the head taper and trunnion.  





Figure 2-33 (A) Variations in surface topography of 7 trunnions from 5 manufacturers Profemur (Wright 
Medical), Secur-Fit Max (Stryker), Tri-Lock, Silent, Summit, Corail (DePuy Synthes), Synergy (Smith and 
Nephew) (B) Thread profile of some of the trunnions (Munir et al., 2013)  
A) 
B) 
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There is also appears a lack of consensus on the variables (Table 2-10) used to 
characterise the surface roughness of trunnions. Munir et al. (2013) reported the average 
surface roughness values whereas, Drouin and Cales (1994) reported peak (maximum) 
roughness values.  In recent studies, the machining mark height and spacing have been 
reported (Figure 2-34) with suggestions that this is a more meaningful method of 
characterising the taper junction topography (Lundberg et al., 2015, Pourzal et al., 2016). It 
is foreseeable that sharper peaks and thus reduced ‘machining mark spacing’ would 
increase the stresses on the oxide layer leading to damage. Deeper troughs (increased Rv) 
may be more likely to encourage crevice corrosion because oxygen may be depleted in 
these regions. An understanding of how the roughness variables are likely to influence the 
corrosion process and ensure uniformity the characterisation of surface topography 
accordingly, is required. 
Table 2-10 Roughness parameters; adapted from (Munir et al., 2013, Gadelmawlaa et al., 2002) 
 Definition   
Rp The maximum height of the profile 
above the mean line within an 
assessment length (µm) 
 
Rv The maximum depth of the profile 
below the mean line within an 
assessment length (µm) 
Rmax Vertical distance between the highest 
peak and the lowest valley along an 
assessment length (µm) 
Ra Arithmetic average height (µm)  
 
  
Figure 2-34 Machining mark height and machining mark spacing roughness features (Pourzal et al., 
2016, Lundberg et al., 2015)  
(a) (b) 
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Indeed, there could be a compounded effect of increased head taper roughness which is 
not normally reported. Surface profiles are normally only stated for the stem taper (Bishop et 
al., 2013) but head tapers may display a surface roughness values (Ra) greater than those  
associated with rough trunnions (Whittaker et al., 2016). Manufacturing controls on the 
surface finish of head tapers appear to have become less stringent and this increase in 
surface roughness on the female taper has been associated with increased trunnion and 
head taper damage in mixed alloy couplings (Pourzal et al., 2016). Langton et al. (2016) 
found a random yet wide variation in the surface finish of head tapers; although there was no 
apparent correlation between the surface finish of the head taper and the date of 
manufacture of the femoral head.  This suggests that the feature is not a systematic design 
change.  
Trunnion angle, diameter, length and roughness are often reported in combination but, 
tapers can differ by each of these variables. Therefore, it is difficult to isolate the singular 
effects of all 4 variables during retrieval studies. For example, retrieval studies have 
compared the taper performance of S-ROM and Corail stems. These have shown that the 
Corail stems perform worse (Brock et al., 2015, Hothi et al., 2016b). Although both are 
manufactured by the same company, the S-ROM stem has a longer (14 mm along the 
medial-lateral plane) 11/13 trunnion, with a 6° angle and characterised as a smooth taper. In 
comparison, the Corail stem has a 5.6° 12/14 trunnion that is 10 - 10.5 mm long and 
classified as rough (Hothi et al., 2015) making the determination of which variable influences 
this behaviour challenging. When surface roughness and trunnion angle were matched in 
another study comparing the C-Taper to V40 trunnion design, it was concluded that there 
was no difference in fretting and corrosion scores on the head taper (Higgs et al., 2016). 
This may suggest that diameter and length are more important predictors of corrosion. 
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Table 2-11 Summary of studies reporting the effect of surface roughness on taper fretting and/or 
corrosion  
2.5.2 Biological  
Varying organisms have been suggested to result in different influences on the corrosion 
of metals (Videla and Herrera, 2005), namely: (i) the adherence of microorganisms to metal 
surfaces may modulate corrosion by changing the electrochemical conditions at the interface 
between the metal and the electrolyte, (ii) biofilms may reduce corrosion by enhancing the 
adherence of the passive film to the metal or act as diffusion barriers, (iii) the detachment of 
the biofilm could cause the passive layer to also detach and expose the substrate metal to 
the corrosive fluid,  (iv) the bacterial colonisation of an implant surface could result in the 
depletion of oxygen thereby resulting in increased anodic dissolution, (v) the effect of 
localised colonisation relative to non-colonised regions could be a variation in potential 
differences along the metal surface thereby generating corrosion currents. 
In addition to the knowledge of microbial induced corrosion, in vitro studies of have 
shown that osteoblasts, fibroblasts, and phagocytic cells are able to adhere and differentiate 
on stainless steel, titanium and CoCr on metal substrates in foil and disc form and directly 
corrode the surface leaving behind resorption pits or displaying increased levels of metal ion 




In vitro CoCr/Ti   The surface roughness of the head taper was inversely 
related to head/neck contact area  
 Fretting corrosion increased where rough neck tapers 
were used 
 The passive film was disrupted on the rough neck tapers 
Panagiotidou et al. 
(2013) 
In vitro CoCr/Ti  Smooth tapers had higher pull-off forces compared to 
rough tapers 
Jauch-Matt et al. 
(2017) 
In vitro SS/SS  The highest pull out force was observed at smoother 
surface roughness (Ra) 






 Higher trunnion peaks were associated with lower stem 
taper damage scores  
CoCr/Ti: 
 Head taper roughness was associated with increased 
male and female taper damage  
 Higher trunnion peaks was associated with lower trunnion 
damage  
Pourzal et al. (2016) 
Retrieval CoCr/Ti 
CoCr/CoCr 
 Rough trunnions did not exhibit increased in vivo fretting 
corrosion or material loss 
Arnholt et al. (2015) 
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al., 2010, Cadosch et al., 2009, Hiromoto et al., 2002). Osteoblasts have been reported to 
increase the dissolution rate of CoCr (Harmand, 1995) but reports of cell induced corrosion 
have also been attributed to inflammatory cells. This mode of corrosion has been observed 
on retrieved Ti-6Al-4V and CoCr alloys and has been shown to occur regardless of implant 
design or metallurgy (wrought or cast) but has not been correlated with  time in situ, severity 
of corrosion, patient gender or age, head size or metal ion levels; it has however, been 
shown to be correlated with aseptic loosening (Di Laura et al., 2017, Sivan et al., 2015).  
Particulate and ionic forms of Co and Cr are able to trigger inflammatory reactions. In 
response, phagocytic cells release reactive chemical species in the form of hydrogen 
peroxide (H2O2) which is able to permeate the cell’s membrane through to the oxide layer 
(Mu et al., 2000). Gilbert et al. (2015b) and Tengvall et al. (1989) showed that H2O2 
increased the rate of corrosion of both CoCr alloy and Titanium; the oxide layer on a 
commercially pure titanium discs were found to be hyperoxidised by H2O2 which has been 
suggested to induce the release of titanium ions. However, the purported negative effect of 
H2O2 as a reactive oxygen species (ROS) is countered by Lin and Bumgardner (2004), who 
suggested that the release of ROS reduces corrosion by enhancing surface oxides when 
macrophages were cultured on CoCr plates.  
Evidence of inflammatory cell induced (ICI) corrosion in hip replacements has been 
observed in retrieval studies where iron nodules were present in seemingly cell corroded 
explants (Gilbert et al., 2015b). Iron is abundant in vivo but does not exist in a free state due 
to its reactivity. However, part of the inflammatory sequelae involves the release of iron 
bound to storage proteins such as ferritin, by activated phagocytes (Cerquiglini et al., 2016, 
Gilbert et al., 2015b, Valko et al., 2005). The presence of iron and hydrogen peroxide can 
initiate a Fenton reaction (equation 15) which produces the hydroxyl radical (˙OH). ˙OH is a 
highly reactive species with a half-life of 10-9 s which is capable of indiscriminate reactions 
within a radius of 93Ǻ (Thomas et al., 2009). Thus, it has been reported that the radical may 
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result in DNA damage (Valko et al., 2005). However, it is not currently clear if the hydroxyl 
radical is capable of damaging oxide layers or the underlying substrate metal.  
                    Fe2+ + H2O2 −>  Fe3+ + ˙OH +  OH- (15) 
   
A Fenton mechanism catalysed by iron sequestered from cells has been described but 
there are reports of Fenton reactions being catalysed by transition metals including Co and 
Cr (Stohs and Bagchi, 1995, Valko et al., 2005). Thus, the absence of Fe does not prevent 
the reaction from occurring and the only requirement is the production of H2O2. As indicated, 
with respect to CoCr alloys, both cobalt and chromium are released. According to Chumakov 
et al. (2016), Cr has the potential to generate more ˙OH than either Co or Fe.  
Cell induced corrosion has been reported to occur over an area of 2.4 – 27.8 mm2; 
features indicative of the phenomenon such as the etching of cell morphology and presence 
of cellular remnants have been observed in a number of regions of joint replacement devices 
such as non-contact regions of articular surfaces and non-articular machined surfaces as 
well as at modular junctions including the acetabular liner taper crevices and head-neck 
taper junctions (Di Laura et al., 2017, Gilbert et al., 2015b). The latter is feasible if gaps as 
small as 1 µm develop at the taper junction (Gilbert et al., 2015a).   




Figure 2-35a Isolated spots of corrosion on a modular head (b) Optical microscope image of a femoral 
head showing attack of a migrating cell (Di Laura et al., 2017, Gilbert et al., 2015b) 
 
2.5.3 Surgical  
Several studies have reported the correlation between surgical assembly conditions such 
as impaction forces and taper cleanliness with the performance of taper junctions, as 
summarised in Table 2-12. These factors are thought to influence the stability and integrity of 
the taper.  
In a survey about the THR head impaction procedure, 25% of surgeons reportedly 
impacted with one heavy blow in line with the taper neck and 68% achieved taper fit with 
several blows in line with the taper neck (Ford et al., 2015). Due to the use of a minimally 
invasive approach, 5% did not pay attention to the direction of the impacted force (Ford et 
al., 2015). The effect of surgical impaction has been studied with respect to the pull-off force 
(indicative of taper strength) with the presumption that a high taper strength will result in 
reduced fretting as well as reduced likelihood of taper dissociation (Jauch-Matt et al., 2017). 
Pennock et al. (2002), found that the dissociation strength is determined by the largest 
impact force.  A minimum force of 4 kN applied with a hammer has been recommended to 
lock a clean taper (Rehmer et al., 2012). Nonetheless, the applied impaction force may be 
(a) (b) 
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reduced to prevent intraoperative periprosthetic fracture especially in patients with poor 
osteogenic quality  such as is common in elderly patients (Jacobs, 2016).  
Minimally invasive and anterior approaches to THRs have become more prevalent 
(Jacobs, 2016) which increases the risk of off-axis impaction of the femoral head onto the 
trunnion. This leads to a reduction in the vector component of force that seats the taper 
(Pennock et al., 2002). Further, off-axis impaction may result in misalignment of the taper, 
crevice formation at the junction and subsequent fluid ingress (Jauch-Matt et al., 2017).  
Contamination of a taper junction with bone chips has been shown in laboratory tests to 
result in increased micromotion at the junction although, this was evaluated at the neck-stem 
junction of a modular stem (Jauch et al., 2011). Lavernia et al. (2009) concluded that the 
contamination of a head-neck taper with blood and fat reduced the pull-out force required to 
separate the taper components by 20%. They subsequently showed that the dissociation 
strength of a clean taper is comparable to one that had been contaminated by blood and fat 
but was cleaned prior to impaction.  
More recently, it has been suggested that artefacts previously attributed to ICI corrosion 
as described in 2.5.2, may have originated from the use of high-voltage based electrocautery 
or high-frequency based electrosurgical devices after the features were recreated by 
Campbell et al. (2017) as well as Aldinger and Pawar (2017). Further, Aldinger and Pawar 
(2017) suggested that the presence of iron deposits which was hitherto attributed to the 
cellular processes associated with the inflammatory sequelae was due to contact with the 
stainless steel electrosurgery device. Regardless of the source of these patterns observed in 
retrievals, the effect is the damage of the oxide layer thereby exposing the metal to 
corrosion.  
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Table 2-12 Summary of studies reporting the effect surgical condition on taper fretting and/or corrosion 
 
2.5.4 Patient  
Despite retrieval studies suggesting an incidence of head-neck taper corrosion of up to 
90%, clinical manifestations of ALTRs are less than 5% (Jacobs, 2016). Therefore, there 
have been suggestions that individual patient variability may be due to genetic 
polymorphisms or adaptive immune responses (Jacobs, 2016). Further, it has been reported 
that women are more susceptible to adverse reactions for the same dose of metal debris 
(Langton et al., 2016, Cooper, 2014). The effect of patient weight has been identified as 
showing a positive correlation with fretting and corrosion (Higgs et al., 2016, Donaldson et 
al., 2014, Kurtz et al., 2013). Increased patient weight has been associated with increased 
moments and stresses at the taper junction (Higgs et al., 2016, McTighe et al., 2015) and 
Higgs et al. (2016) estimated that an increase in patient weight by 0.45 kg results in a 1% 
increase in propensity for taper damage. With increasing obesity rates, Figure 2-36, it seems 




FEA N/A  A high assembly load locks the taper and prevents the 




FEA Ti/Ti  Relative motion was inversely proportional to impaction 
load  






 Impaction force was proportional to disassembly force. 
 The first impact was responsible for 90% of the taper 
strength; subsequent impacts contributed less 
 Off-axis impaction reduces the vector component of force 
which seats the taper  
 Multiple impactions with varying force has the same effect 
on taper strength as a single blow of the strongest force 
applied 
Chu et al. 
(2000) 
FEA Ti/Ti  Loading of the taper off-axis increases the micromotion on 




In vitro CoCr /SS  
CoCr / CoCr 
 Assembling the CoCr/SS components dry did not stop 
fretting but increased the onset of fretting load in relation to 
wet assembly  
Gilbert et al. 
(2009) 
In vitro CoCr/Ti  A marked reduction in resistance to disassembly*** was 
observed when blood and fatty tissue were interposed 
between the junction  
Lavernia et 
al. (2009) 
Retrieval  CoCr/Ti-6Al-4Ni  A defective fit of the head onto the stem would result in 
taper instability, accelerated corrosion and metallosis 
Pansard et 
al. (2012) 
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activity has only been shown to influence micromotion in laboratory and FE analyses; weight 
or loading does not appear to influence clinical observations (Table 2-13).  
 
Figure 2-36 Trend of age and gender adjusted obesity rates over a range of countries, adapted from 
Morlock et al. (2016) 
 




In vitro CoCr/CoCr 
CoCr/Ti-6Al-4V 
 Micromotion between the stem and neck positively 
correlates with load levels (body weight or patient 
activity) 
 One-off high loads may result in micromotion at a taper 
junction which was previously stable. 
Jauch et al. 
(2013) 




FEA CoCr/Ti  Fretting work done is sensitive to patient weight but not 
factors such as gait variation, absolute taper dimensions 
(diameter, length) or contact length, impaction 
conditions (angle, force)  
Donaldson et 
al. (2014) 
Retrieval CoCr/Ti  
Ti/Ti  
CoCr/CoCr  
 No correlation between the amount of corrosion 
observed and age, weight, sex, patient activity or reason 
for revision 
Collier et al. 
(1992) 
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2.6 Evaluating Modular junctions 
The ability of modular junctions to perform as intended has been evaluated statically 
and dynamically. The standards for static evaluation of modular junctions are given in Table 
2-14, although ASTM F2345 also entails the dynamic evaluation of a junction with a ceramic 
femoral head.   
Table 2-14 Standards for static evaluations of modular junctions (Smith and Joyce, 2017)  
ASTM F2009 Standard test method for determining the axial disassembly force of taper 
connections of modular prostheses 
ASTM F2345 Standard Test Methods for Determination of Static and Cyclic Fatigue 
Strength of Ceramic Modular Femoral Heads 
ISO 7206-10 Implants for Surgery – Partial and total hip-joint prostheses- Part 10: 
Determination of resistance to static load of modular femoral heads 
ISO 7206-13 Implants for Surgery – Partial and total hip-joint prostheses- Part 13: 
Determination of resistance to torque of head fixation of stemmed femoral 
components  
Uniaxial compression rigs are the standard for evaluating the susceptibility of a 
metallic modular junction to dynamic loading. The ASTM standard F1875 “Standard practice 
for fretting corrosion testing of modular implant interfaces: hip femoral head-bore and cone 
taper interface” addresses fretting of taper junctions in THRs. The standard highlights a short 
as well as a long-term evaluation of modular junctions (Schaaff, 2004). Short term tests 
which are recommended for evaluating design differences but groups who reported visual 
signs of corrosion have only been recorded after a minimum of 10 Mc (Aldinger et al., 2015, 
Jani et al., 1997) even though some retrievals have shown signs of corrosion as early as 8 
months, equivalent to 1 Mc (Cooper et al., 2012a). The re-emergence of taper corrosion 
concerns has identified toggling as a mechanism for fluid ingress and facilitating corrosion. 
Thus, the use of a moving load vector, as is produced in hip simulators, may be better able 
to evaluate the taper junction.  
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1  1  Semi-quantitative 
measurement of 
corrosion rates 





5  10  Chemical analysis of 
the testing liquid and of 
the particulate debris 
Study damage 
mechanisms 
Hip simulators were developed to study the tribological performance of joint pairings in 
pre-clinical validation of THR devices (Affatato et al., 2006). Hip simulators were first 
developed in the 1960s (Smith and Joyce, 2017), with a number of designs currently used; 
some of which are given in Table 2-16. These simulators vary in their method of replicating 
joint biomechanics under physiological loading however, the results can provide confirmation 
of the material’s performance for a given geometric design under a variety of operating 
conditions (Affatato et al., 2006). Although in vivo, the hip joint is subject to triaxial forces 
and rotations, in the development of hip simulators for wear testing, it was found that 
simplifying the motion from 3 to 2 axes was appropriate, provided they are 90° out-of-phase 
(Smith and Unsworth, 2000). A hip simulator will typically apply a set of motions and loads 
and a lubricant that creates tribological conditions comparable, but not necessarily identical, 
to those occurring in vivo. The load conditions applied are typically steady state gait, 
however, some simulators are capable of simulating stair climb and jogging, evaluating the 
breakdown of lubrication under stop-start conditions and incorporating electrochemical 
measurements (Hadley et al., 2013, Bowsher and Shelton, 2001, Affatato et al., 2008, 
Hesketh et al., 2013). The use of hip simulators to evaluate the performance of taper 
junctions has not been widely reported. These tests will need to be standardised to ensure 
uniformity in protocol and reporting. The use of unified standards for conducting wear tests 
and assessing wear of bearing surface components (ISO 14142 part 1 and 2) was 
established to allow comparable results across test facilities however, this has not been 
achieved and different simulators have reported different wear rates (Affatato et al., 2006). 
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Table 2-16 Characteristics of various hip simulators Flex/Ext: flexion-extension, Abd/Add: abduction-
adduction, IER: internal-external rotation  
 Motion Simulation  Peak Load / N Reference 
AMTI- Boston 
Flex/Ext      (±25°) 
Abd/Add     (±9°)  
IER             (±20°) 
4.5 
Affatato et al. 
(2006) 
HUT- 4 
Flex/Ext      (46°) 
Abd/Add     (12°) 
2 
Mark II Durham 
Flex/Ext     (+30°/-15°) 




Flex/Ext      (±22.5°) 
Abd/Add     (±22.5°) 
2.1 
MTS Orbital simulator  
Flex/Ext      (±23°) 
Abd/Add     (±23°) 
3 de Villiers (2014) 
Prosim  
Flex/Ext      (+30/-15°) 
IER             (±10°) 
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2.7 Thesis Aims and Objectives  
The aim of this thesis is to understand the behaviour of the head-neck taper interface in 
a range of conditions. This includes identifying the effect of head size on taper torque in MoP 
bearings and evaluating the effect of taper design factors (taper clearance, trunnion surface 
topography and length) on the separation of the taper interface as well as the metal ion 
release from the taper junction, under hip simulator load profiles experimentally and 
modelled using FE methods.  
Objectives 
1. Identify a suitable method for evaluating dynamic torques adjacent to the taper 
junction  
2. Design and test taper junctions with proximal and distal contact conditions as well 
as defined surface roughness to be isolated from the bearing surface 
3. Define and evaluate a range of clinically relevant taper clearances and trunnion 






Chapter 3. Torque measurement at the taper 
interface  
3.1 Introduction 
Torque is generated at a hip implant bearing surface, during activities which load the 
implant, as a result of friction at the bearing surface. This torque is transmitted through the 
implant and has been evaluated in relation to either the acetabular component or stem 
loosening both in vivo and in vitro. In vivo, the torque generated via instrumented prostheses 
has been evaluated by Schwachmeyer et al. (2013); whilst in vitro, torque has been 
evaluated using a range of methodologies, including friction simulators. Experimentally, the 
torque may be determined using strains as a proxy variable. Recent reports of increased 
corrosion at taper junctions have been proposed to be due to larger taper junction torques 
(Dyrkacz et al., 2013), which in turn lead to greater micromotion or fretting. However, the 
absolute magnitude of the torque transmitted through the taper junction has not been 
reported previously.  
 
The torque experienced by implants is a function of the 3 axes of motion of a hip joint 
(Damm et al., 2013). Friction simulators and the ISO standard tests, often apply loads and 
motion in one plane only. Hip simulators incorporate multiple axes of motion as well as 
realistic dynamic loading cycles due to the changing position of the load vector through the 
cycle of an activity. The taper junction torque cannot be measured directly at the junction 
without altering or interfering with the dynamics. Consequently, torque measurements on the 
hip simulator can only be carried out at positions proximal or distal to the taper junction. The 
aim of the current study was to strains distal to the taper junction, while loaded on a hip 
simulator.  
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3.2 Materials and methods 
3.2.1 Gauge placement 
Three 17-4 stainless steel trunnion fixtures with 12/14 tapers were used to evaluate the 
trunnion strains resulting from the articulation of CoCr heads of varying sizes against 
acetabular components. A pair of 3 axis stacked rectangular rosettes and single axis gauges 
(UFRA-1-17-3L and UFLA-1-17-3L, Techni Measure, UK) were bonded using ethyl-2-
cyanoacrylate glue (Loctite Superglue; Henkel Limited) at 4 positions around the 
circumference of a trunnion taper fixture. The rosette pair was placed on diametrically 
opposite sides and 90° to either of the rosette, a uniaxial linear gauge was positioned as 
shown in Figure 3-1. The trunnion fixture with the bonded gauges was covered in a 
polysulphide coating (M-coat-J; Vishay, UK) for moisture resistance.  
3.2.2 Measurement setup 
Two bridge configurations were used; a half bridge configuration to determine bending 
strains and full bridge to measure torque. An internal excitation voltage of 2.5 V, shunt 
resistance and bridge resistance of 100 kΩ and 120 Ω was applied. Data acquisition was 
applied at a rate of 10 Hz.  





Figure 3-1 (a) Schematic showing the location of gauges on the trunnion fixture (b) A rosette positioned 
on the trunnion fixture (c) A uniaxial gauge positioned on the trunnion fixture  
5  mm 
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3.2.3 Test components 
Tests were carried out on commercially available 28, 32, 40 mm as well as prototype 52 
and 56 mm metal on polyethylene bearings; in addition to these, one 48 mm metal-on-metal 
(MoM) component was also evaluated (Corin Group PLC, Cirencester, UK).  
Table 3-1 List of test components  
 Head size / 
mm 










Metal-on-metal (MoM) Prototype 48 
 
3.2.4 Hip simulator setup 
Testing was carried out on an eight station orbital hip simulator (MTS Systems, USA). 
Each component was subjected to a typical walking cycle with a maximum load of 3.0 kN at 
60 rpm (Figure 3-2) using a lubricant of 25 % (v/v) newborn calf serum (1% w/v Sodium 
azide). Each test was repeated at least twice.  
  




Figure 3-2 (a) Schematic of one station on the MTS hip simulator, adapted from (Bowsher, 2001) (b) 
loading cycle applied by the simulator 
The components were also subjected to maximum sinusoidal loads of 250, 750, 1250, 
2500 and 3850 N (minimum 0 N) at rotational speeds of 5, 10, 30 and 60 rpm, in order to 
investigate the influence of the load and fluid entraining velocity. 
3.2.5 Validation of strain gauge measurements 
Strain measurements were validated in 2 ways: (i) Comparing static strains to analytical 
solutions and (ii) Comparing static to dynamic results 
3.2.5.1 Comparison of static strains to analytical solutions 
The DAQ system was used to obtain the strains from a uniaxial gauge in the M-L plane 
which was connected in a quarter bridge configuration. The trunnion fixture was assembled 
with a 56 mm CoCr femoral head and the setup was loaded through a polyethylene cup 
using an Instron 5967 with 30 kN load cell (Figure 3-3a). The load was ramped up to 2.5 kN 
as shown in Figure 3-3b. The static moment was compared to analytical calculations.  
(b) 
















Cup holder  
Acetabular 
shell  
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3.2.5.2 Comparison of static to dynamic results  
A second uniaxial gauge was bonded diametrically opposite to the gauge in 3.2.5.1 to 
compare the bending strains obtained statically to the dynamic strains from a corresponding 
plane on the hip simulator test at a maximum load of 3 kN.  
3.2.6 Single Axis Dynamic Compression  
Dynamic compression testing was carried out using a commercially available stem with a 
12/14 taper equivalent to the trunnion fixture used for testing on the hip simulator paired with 
a 40 mm CoCr head. The stem was fixed in acrylic cement; the stem orientation and cement 
level was determined using ISO 7206-4 (2010). The test was carried out on a single axis 
ElectroPuls E10000 (Instron, Buckinghamshire, UK) with a maximum and minimum 
sinusoidal load of 3.3 kN and 0.3 kN at 1 and 5 Hz replicating the ASTM F1875 fretting test 
for a duration of 3000 cycles. 2 pairs of uniaxial and rectangular rosettes were bonded 
around the circumference of the neck as shown in Figure 3-4 on diametrically opposite 
sides. The gauges were the same as those used on the hip simulator with the same bridge 
configurations.  
 








Figure 3-4 Left: Schematic of single axis dynamic compression setup, 
Right: Schematic of strain gauge positioning (uniaxial gauge in a, rosette 
in b) on the neck of the femoral stem beneath the trunnion  
 
3.2.7 Positioning of bone chips on the trunnion   
To determine the effect of contaminants on the torque measured, ovine cervical 
vertebrae was crushed into chips. A bone chip (0.02±0.002 g) was adhered to the trunnion 
lengthwise using cyanoacrylate. The cyanoacrylate was applied carefully to prevent it 
coating the trunnion surface and influencing the measurements. The adhesive held the bone 
chip in place whilst the taper was initially mated by hand. Taper lock was ensured using a 
peak load of 2 kN on the Instron as prescribed in ASTM F1875-98. Two positions were 
considered to evaluate any change in torque when the bone chip was located on the 
superior surface of the trunnion as compared to the posterior surface (Figure 3-5). The 
torque was evaluated at each position 3 times. 
  (a) 





Figure 3-5  Locating the bone chip (a) superiorly (b) posteriorly on the trunnion surface of a Ti-6Al-4V 
stem  
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3.2.8 Pendulum friction simulator 
Friction at the bearing surface was carried out on a pneumatically loaded pendulum 
friction simulator (Simulator Solutions, Manchester, UK), A friction simulator (Figure 3-6) 
applies a vertical load and a rotation in the flexion-extension. A load is applied from a loading 
frame through a motion arm; a femoral head is assembled to the motion arm in an inverse 
physiological orientation and a simultaneous flexion-extension profile is applied through the 
arm. The femoral head articulates against an acetabular cup, which is located on a 
moveable carriage mounted on pressurised hydrostatic bearings so that the system’s friction 
is negligible. A piezoelectric transducer located anteriorly on the carriage measures the force 
transmitted from the frame to the carriage and thus the friction at the bearing surface 
(Brockett et al., 2007). 
Prior to testing, each sample was cleaned based on ISO 14242-2 (2000).  A ± 25° 
flexion-extension profile and a maximum load of 2 kN with a 300 N swing phase load (Figure 
3-7) was applied at 1 Hz. Each test was performed in 2 directions: forward and reverse. The 
forward direction cycled from 0°;-25°;0°;25°;0° and the reverse direction 0°;25°;0°;-25°;0°, in 
order to minimise misalignment errors associated with the centres of rotations. The five 
metal-on-polyethylene bearing combinations were tested on a pendulum friction simulator. 
The bearing surface of the test components were lubricated with approximately 3 ml of 25 % 
new born calf serum. Each bearing size was tested 3 times; between each test, the lubricant 
was changed and the bearing surfaces were wiped clean. 
For both directions, each test was run for 125 cycles and data was logged at 30 cycle 
intervals for 5 cycles. It has been found in previous studies that the data stabilises after 120 
cycles (Brockett et al., 2007); therefore, the data used to calculate the frictional torque was 
the data logged between 120 and 124 cycles. The true torque at the bearing surface of each 
component was determined as the average of the frictional torques in the forward and 
reverse direction.  
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Figure 3-6 (a and b) Head and cup assembly setup for the friction simulator (c) The assembly of the 
bearing components mounted on the friction simulator (d) Schematic of friction simulator adapted from 
























Figure 3-7 Load and rotational profile applied by the pendulum friction simulator 
 
3.2.9 Roughness measurements 
Roughness of the articulating surfaces of the femoral heads and acetabular cups was 
measured after testing using a ZeScope 3D optical surface profilometer (Zemetrics Inc, 
Tuscon, AZ) with a 20X objective lens.  
ZeScope is an optical profilometer uses white light interferometry to generate a 3D 
image of the sample surface by comparing the optical path difference between light from a 
surface of interest and from a reference surface (Zygo, 2017). This is based on the 
superposition of light waves which are temporally and spatially coherent. The setup (Figure 
3-8) comprises an LED light source which emits a beam of light to a beam splitter. 
Consequently, the incident beam is separated into two. The first beam is sent to a reference 
mirror, following a constant optical path whilst the other is sent to the sample of interest. 
Reflection of the split incident beams occurs at the reference mirror and samples 
respectively. The reflected beams are directed through the beam splitter to a CCD camera 
and superimposed. Interference occurs if the optical path difference is within the coherence 
length of the light source. For an optical path difference of an even number of half 
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Where the optical path difference is an odd number of half wavelengths, the result is 
destructive interference since the waves are 180o out of phase (Schneider et al., 2014). 
Since the reference mirror is of a known flatness, the optical path differences result from 
variations in topography at the sample surface (Zygo, 2017). Varying the z-coordinate 
(vertical position) of the sample results in varying interference intensities, this is recorded by 
a CCD camera. The inference intensity is a maximum, when the optical path difference is 
zero for a given x,y coordinate. Consequently, the z position at which the maximum 
interference occurred is recorded as the height for that x,y coordinate (Schneider et al., 
2014). Provided the wavelength is known, the height differences across a surface can be 
deduced, in fractions of a wave. From these height differences, a 3D surface map is 
generated (Zygo, 2017). 
 
Figure 3-8 Schematic of principle of operation of white light interferometry (Schneider et al., 2014) 
All components were cleaned prior to obtaining measurements. The roughness measure 
Sa was recorded as the Ra and a cut-off length of 0.8 mm was applied to remove 
components of longer wavelengths.  The roughness of the smallest acetabular cup (28 mm) 
was not recorded because it required a lens with a longer working distance objective than 
was available. 
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3.2.10 Data analysis 
Statistical analysis of all data was performed using a two-tailed student’s t-test; 
significance was set at p<0.05. 
3.3 Results  
3.3.1 Validation of gauges 
Assuming the location of the centre of the strain gauges was at 28.5 mm from the top of 
the taper (Figure 3-9) and that the applied load of 2.5 kN acted through the centre of the 
head, the bending moment generated could be estimated to be  
 
 Moment = F x lever arm      (16) 
F= 2.5 kN 
Lever arm (x) = 28.5 cos 67 = 11.14 mm 
Moment = 27.84 Nm 
 
 
 Figure 3-9 Schematic of analytical calculation 
The difference between the static moment and the analytical results determined from 
equation 16 was within 10% (Figure 3-10a). Likewise, the difference in bending strains 
determined during the static and dynamic experimental setups was also within this limit 
(Figure 3-10b). 
F 
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Figure 3-10 (a) Validation of the static moment with analytical results (b) Validation of the dynamic 
strains using static strains 
 
3.3.1.1 Error estimation  
The surface to which the strain gauges were bonded was conical and could be 
considered as a series of stacked concentric rings with varying radii. The strain gauge was 
assumed to be located at the midpoint of this surface. Any errors in locating the gauge 
vertically would result in an error in the estimation of torque since Torque is a function of R3 
(equation 19, Appendix A.4). 
Assuming that the 5 mm long gauge was located at Rm (Figure 3-11), a radius of 8.3 mm 
was used, if the gauge was in fact located at positions 2 and 3, radii of 7.7 or 8.9 mm would 


















































Figure 3-11 Schematic of placement error analysis 
3.3.2 Hip simulator 
The mean roughness (Ra) values of femoral heads and acetabular cups measured 
(Table 3-2) were found to be 0.062 and 1.08 µm respectively. Increasing head sizes resulted 
in increased taper torques measured from tests on the hip simulator. The significance of the 
head size over material combination was apparent (Figure 3-12). An increase in torque was 
measured when there was an increased head offset on the 28 mm head. The torque 
measured on the hip simulator showed a correlation with Ra of the femoral head (R
2=0.79, 
Figure 3-13), indicating that an increase of roughness influenced developed torques. 
2 
1 
Rm, Position of 
gauge if perfectly  
located 11.3 mm 
R
1















Figure 3-12 Relationship between head size and torque as measured on the hip simulator (error bars= ± 
SD) 
Table 3-2 Average surface roughness, Ra (µm) of the femoral head and acetabular cup  
 Femoral head  Acetabular cup 
28 0.043 - 
32 0.037 2.02 
40 0.073 0.24 
52 0.080 0.63 
56 0.081 1.44 
 


















Bearing size / mm 
+ 0 mm MoP MoM +3.5 mm MoP +7 mm MoP




Figure 3-13 Increase in peak torque measured by the hip simulator as a function of femoral head 
roughness (Ra) (error bars= ± SD) (standard deviation not obvious on some data points due to small 
magnitude) 
The maximum bending moment on the trunnion was an order of magnitude higher than 
the taper torques measured on the hip simulator. The maximum bending moment was higher 
in the X plane than the perpendicular Y plane and bending moments increased with head 
offset (28 mm combinations, Figure 3-14) but not head size (Figure 3-15).  
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Figure 3-14 Variation of mean bending moments with head size (error bars = ± SD) in planes X and Y 
during loading cycles. X =frontal plane, Y =sagittal plane 
 
Figure 3-15 Relationship between head size and maximum bending moment on the hip simulator; error 
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For all heads evaluated on the hip simulator, the torque developed below the taper was a 
function of load rather than speed of rotation or entrainment velocity (Figure 3-16). 
 
Figure 3-16 Maximum torque developed as a function of angular speed and peak applied load, for a 52 
mm MoP bearing (error bars= + SD) 
3.3.3 Single axis dynamic compression  
The torque recorded following testing on the single axis rig was negligible (Figure 3-17). 
Both X and Y bending as well as torque reduced when the loading frequency was increased 
from 1 to 5 Hz. However, only the reduction in X bending from 1 to 5 Hz was statistically 
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Figure 3-17 Peak moments measured beneath the taper junction using a 40 mm head on a single axis 
dynamic compression instrument (*=p<0.05, error bars= + SD) 
3.3.4 Effect of contaminant on taper torque 
Contaminating the taper with bone resulted in an increase in torque measured at the 
taper junction at both 1 and 5 Hz but this was not significant (p =0.51) (Figure 3-18).  
Considering the effect of bone chip placement at 5 Hz, it was observed that the torque 
measured higher at the posterior location but the difference was also not significant (p = 































































Figure 3-18 Effect of taper contamination on torque measured in uniaxial compression at 1 and 5Hz 
(mean +SD) 
 
Figure 3-19 Effect of varying the location of contaminant on torque measured in uniaxial compression 
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3.3.5 Pendulum friction simulator  
The pendulum friction simulator showed that the bearing surface friction measured was 
strongly correlated with the head size for the MoP combinations (R2=0.63) (Figure 3-20) and 
the roughness of the femoral head (Figure 3-21). 
 
Figure 3-20 Bearing surface friction measured on the pendulum friction simulator (error bars= ± SD) 
(standard deviation not obvious on some data points due to small magnitude) 
 
Figure 3-21 Increase in torque measured by the pendulum simulator as a function of femoral head 
roughness (Ra) (error bars= ± SD)(standard deviation not obvious on some data points due to small 
magnitude) 
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Increasing torque and bearing surface friction with head size has been widely discussed 
(Panagiotidou et al., 2015, Dyrkacz et al., 2013, Hexter et al., 2013, Langton et al., 2012). 
The current study showed that the torque about the taper axis below the taper junction was 
positively correlated with the head size (R2= 0.9), and that bearing surface friction also was 
strongly correlated with head size (R2=0.6) (Figure 3-12 and Figure 3-20).  A larger head 
size has been introduced as it provides increased stability and range of motion whilst 
generating a larger entraining velocity and thereby a greater minimum film thickness. 
However, the recent increase in the incidence of taper corrosion has been linked to 
increasing head sizes (Scholes and Unsworth, 2000). The mechanism by which this has 
been suggested to occur is due to instability initiated by increased torques at the taper 
junction (Damm et al., 2013). The contribution of head-cup clearance to the measured 
torques has not been evaluated; the effect of head-cup clearance on torque is only 
identifiable in measurement systems which generate internal-external rotation (Scholl et al., 
2016a). 
In the current study, large MoP bearings (52 and 56 mm) generated torque values higher 
than the 48 mm MoM bearing, suggesting that LHMoP may develop similar corrosion issues 
at the head taper due to bearing surface friction to those widely reported in MoM devices 
(Morlock, 2015, Langton et al., 2012). In MoP devices highly crosslinked polyethylenes 
(HXLPE) have enabled the use of large heads as a result of their greatly improved wear 
properties and thereby the possibility to use thinner liners. Although this was discouraged in 
conventional polyethylene due to the likelihood of wearing through the material, the 
introduction of HXLPE and vitamin E incorporated polyethylenes means liners are designed 
with thicknesses as low as 2.5 - 3.6 mm, compared to the 6 mm minimum recommended 
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thickness for conventional polyethylene (Rajpura et al., 2014, Girard, 2015, Moore et al., 
2008, Exatech, 2012).  HXLPE and vitamin E polyethylene bearings have been reported to 
generate large bearing surface friction (Meneghini et al., 2016, Burroughs et al., 2006). The 
increased friction in LHMoP is not just a concern due to the acetabular liner material. Thinner 
liners are susceptible to circumferential deformation following implantation in vivo which may 
in turn create even larger bearing surface torques as a result of the reduced clearances that 
may result (Shen et al., 2005).  
It should be noted that the torques could be even higher in vivo since the absence of 
muscle forces during laboratory testing may in fact result in an underestimation of torsional 
loads generated (Duda, 2013). Further, the current results support the literature indicating 
that larger heads are more susceptible to corrosion due to large torques, MoP bearings as 
small as 28 mm have also been reported to exhibit corrosion at the taper interface (Tan et 
al., 2015). This reinforces the concept that there are multiple factors affecting taper 
corrosion.   
3.4.1.1 Effect of lubrication regime and load profile on torque 
A 52 mm diameter MoP bearing was used to evaluate the effect of lubrication and 
loading profile on torque. Based on the Hamrock and Dowson equation (Hamrock and 
Dowson, 1978), for a 52 mm diameter bearing with a measured composite roughness of 
0.64 µm (RaCoCr = 0.08 µm, RaPE = 0.63 µm), the lambda ratio (2.5.1.2, equation 7) can be 
determined to lie in the region of 0.1 - 0.6 depending on sliding velocity, implying boundary 
lubrication will occur (Figure 3-22).  




Figure 3-22 Relationship between lambda ratio and angular velocity for a 52 mm MoP bearing, tested 
using a maximum load of 3 kN, for a range of composite surface roughness 
Metal femoral heads are polished during manufacture with an Ra typically specified as 
0.02 ± 0.01 µm; even under low wearing conditions, Ra  values have been reported to be 
between 0.018 – 0.035 µm from retrieved specimens (Taddei et al., 2016). Newly 
manufactured polyethylenes have higher roughness values, typically less than 2 µm; in 
service, the contact region polishes reducing the Ra to values that have been reported to be 
as low as 0.03 µm (Wang et al., 1995). However, in the current study, the lowest 
polyethylene roughness was measured on a 40 mm liner with an Ra value of 0.23 µm. The 
composite roughness (2.5.1.2, equation 12) therefore was, for the current tests, in the region 
of 0.24 µm indicating that the components could function in a mixed lubrication regime. If, 
however, the metal bearing surface was to be roughened by cement, bone or metal debris or 
in the event of a dislocation resulting in 3rd body abrasion (Day and Abboud, 2016), the head 
roughness could increase to values as high as 4 µm (de Villiers and Shelton, 2016) which 
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surface friction and torque transmitted to the taper junction. MoP devices will never operate 
in full fluid film lubrication as the liners cannot be polished to achieve such low roughness. 
 
It was shown that the torque generated below the taper at the base of the fixture was 
more sensitive to the load applied (250 to 3850 N) than the change in entraining velocity 
(Figure 3-16). This could be as a result of the lubrication regime remaining within the 
boundary lubrication regime where the friction at the bearing surface is determined by 
asperity contact rather than being influenced by the small increase in film thickness due to a 
larger entraining velocity. The torque measured on the hip simulator was also found to 
depend on the loading profile. A lower torque was recorded when loaded with a walking 
cycle (1.1 Nm, Figure 3-12 for a 52 mm diameter head) in comparison to the sinusoidal 
loading where the maximum torque measured was approximately 1.5 Nm. This difference 
may be attributed to lubrication recovery the during the swing phase of a walking cycle 
profile (Damm et al., 2013). During the swing phase of the gait cycle, the bearing 
components separate resulting in a drop in pressure below ambient conditions. This results 
in fluid ingress into the bearing surface (Wroblewski et al., 2012), thus reducing the torque 
by 27 %.  
3.4.1.2 The effect of contaminant on torque 
It has been suggested that the presence of contaminants such as blood, fat and bone 
fragments at the taper interface during the surgical process could encourage fretting and/or 
corrosion by increasing micromotion at the junction (Lavernia et al., 2009). However, it was 
apparent from the current study, that the presence of bone fragments at the taper junction 
created resistance in initially mating the taper by hand. There are variations in the number of 
blows as well as the impaction force, reported by surgeons in mating the taper (Lavernia et 
al., 2009, Scholl et al., 2016b). Although impaction may overcome the initial resistance more 
readily than by hand, it is assumed that the head is placed on the trunnion by hand prior to 
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impaction wherein the surgeon should perceive the resistance at the junction and 
subsequently remove it. However, the resistance encountered could be less with smaller 
fragments. 
The force required to separate the taper surfaces has been shown to be significantly 
lower when the CoCr/Ti taper was smeared with fat (Krull et al., 2017, Lavernia et al., 2009).  
Although bone is grouped in with the surgical debris that may contaminate the taper (Weisse 
et al., 2008, Lavernia et al., 2009), its effects appear to not have been evaluated with respect 
to metal heads. A reduction in static fracture load by up to 90 % was observed when 
Alumina/Ti taper interface was contaminated with human trabecular bone chips (Weisse et 
al., 2008). Whilst the bone chips may result in stress concentrations which cause fracture in 
a ceramic head taper, the current study did not show any significant impact in the torque 
measured at CoCr/Ti taper junction with and without embedded bone chips. Unlike fat and 
blood, the fat free bone chip would not have reduced the coefficient of friction at the 
interface. Also, the bone chip was located in only one position; it is possible that locating 
another bone chip along the same line could create a couple which may influence the torque 
measured. It should be noted however, that the current work isolated the effect of bone 
fragments. The combination of fragments with blood and/or fat may be different. 
3.4.2 Bending moments 
In comparison to in vivo telemetry studies, the bending moment obtained in this thesis is 
considerably larger (Dyrkacz et al., 2013). The difference may be attributed to the absence 
of muscle forces in laboratory testing. According to Duda (2013), the absence of 
musculature in testing will overestimate the moments obtained due to bending. The head 
sizes did not influence the bending moment when tested on the hip simulator (Figure 3-15); 
as the load magnitude and load position are both constant, meaning that the lever arm will 
remain unchanged in heads with no offset. However, in vivo where an increase in head size 
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as well as offset increases the lever arm (Fehring and Fehring, 2015), the bending moment 
will change.   
The moment about the frontal (A-P) plane was consistently higher than the moment 
about the sagittal (M-L) plane on both the hip simulator and the uniaxial compression rig. 
This is consistent with the study by Bergmann et al. (2016) which utilised instrumented hip 
implants to evaluate the joint loads. Farhoudi et al. (2016) evaluated 3-D moments at the 
taper junction using analytical techniques, and also found that the peak bending moment 
about the anterior plane was between 3 and 8 times more than the peak bending moment 
about the lateral plane. However, the difference between the two moments is considerably 
larger in the uniaxial test setup. This is because the lever arm to the pair of gauges which 
measure the bending in the A-P plane is half of the neck thickness (6-7 mm) (Figure 3-23) 
which is considerably smaller than the lever arm in the M-L plane (15 mm) (Figure 3-23). In 
contrast, on the hip simulator, the lever arms lie on an ellipse with a minor diameter (in the 
sagittal plane) almost equal to the major diameter (in the frontal plane) such that the 
resulting moments are closer in magnitude.    
 
Figure 3-23 Force (red arrow) a=lever arm in M-L plane on the fretting test setup, b=lever arm in A-P 
plane on the fretting test setup c and d = lever arm in A-P (frontal) and M-L (sagittal) planes  
The impact of loading frequencies was observed. ASTM F1875 fretting test prescribes 1 
or 5 Hz as the frequency of testing depending upon the purpose and outcome of the study. 
F F 
F 
Chapter 3 Torque measurement at the taper interface  
 
 90 
The frequency of walking is approximately 1 Hz, whilst other activities such as running, the 
frequency could increase to 4 Hz and 6 Hz has been reported in the clinical evaluation of 
human locomotion (Ferber and Macdonald, 2014). The results obtained on the uniaxial rig in 
the current study, showed that lower frequencies induce larger bending moments. Although 
higher frequencies may prevent the reformation of a passive oxide layer if the repassivation 
time is greater than the time between two load cycles (Viceconti et al., 1997), higher bending 
moments have been associated with increased wear and corrosion (Panagiotidou et al., 
2013). 
3.4.3 Comparison of methods 
The evaluation of bending and torque on the uniaxial compression rig was undertaken to 
compare the loading conditions suggested in ASTM 1875 to the hip simulator. The 
aforementioned ASTM is the voluntary standard for evaluating the susceptibility of modular 
junctions to fretting. Comparatively, hip simulators focus on recreating wear conditions. 
Although fretting test imparts bending moments of comparable magnitude in the X plane, the 
observation of significantly larger torque and bending moments (p<0.05) in the perpendicular 
Y plane on the hip simulator (Figure 3-24) suggests that it develops more challenging 
loading conditions on the taper than uniaxial compressive loads. Since triaxial moments are 
generated, failure can occur about any plane. Therefore, the ASTM test appears to only 
suffice for a single plane. Moreover, if torsion is under estimated relative to in vivo conditions 
(Duda, 2013), then, the loading conditions imposed by the fretting test may be unlikely to 
recreate any failure mechanisms due to torques at the taper junction such as the bottoming 
out of the trunnion onto the head taper bore. A bottomed-out taper has been reported to 
cause greater wear (Koper et al., 2015, Buente et al., 2016). Similarly, torques about the 
taper axis could generate micromotion at the junction capable of depassivating the CoCr 
oxide layer at the junction (Jauch et al., 2013).  




Figure 3-24 Comparison between single axis and hip simulator moments on a 40 mm femoral head 
(*=p<0.05, error bars= + SD) 
3.5 Conclusions  
1. The bearing surface friction and torque generated adjacent to the taper junction were 
sensitive to changes in bearing diameter.  
2. The torques measured on 52 and 56 mm MoP were larger than the torque measured 
on 48 mm MoM. This observation reinforced the suggestion that taper corrosion 
initiated by large taper torques would not be limited to MoM bearing combinations.  
3. Lower bending moments were measured just beneath the taper junction using the 
method specified by the ASTM F1875 than was measured on the hip simulator. In 
addition, the ASTM fretting test was found to apply negligible torques on the taper 






































































Chapter 4. Prediction of in vivo taper performance:  
The influence of loading and taper design variables 
 
4.1 Introduction  
The mating of a male and female taper creates a crevice which is controlled by the 
clearance between the angles. The precise taper angles, specified by individual 
manufacturers, exhibit inherent variability such that a nominal taper angle of 5° may range 
between 5.525° and 5.975° dependent on the manufacturer (Kocagöz et al., 2013, Brock et 
al., 2015). Therefore, manufacturer variations in male and female taper angles will generate 
different clearances.   
Despite their apparent importance, no standard has been developed for the control of 
taper clearances. Indeed ASTM F1636-95e2 with specifications covering the dimensions 
and tolerances of male and female tapers has been withdrawn with no replacement (Parekh 
et al., 2016, Ashkanfar et al., 2017). In a retrieval analysis of THRs, Kocagöz et al. (2013) 
reported a taper clearance range of ±0.125° while there is anecdotal evidence that clinically, 
values up to 0.2° occur. The influence of clearances has previously been evaluated with 
respect to interface micromotion and stresses, establishing that within a relatively narrow 
(±0.015°) clearance, interface micromotion, or fretting, did not change between proximal and 
distal contacts (Parekh et al., 2016). Fluid ingress along with relative surface motion 
(micromotion) along the taper junction results in mechanically assisted crevice corrosion 
(MACC) (Hussenbocus et al., 2015). However, the effect of taper clearances on the taper 
gap opening (perpendicular to the surface) is yet to be established. This opening is important 
as it implies toggling, described as a mechanism which creates the opening of the taper 
junction allowing ingress of corrosive fluids (Langton et al., 2012). Under a loading condition 
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such that the vector changes direction relative to the taper, both proximal and distal contact 
conditions could result in separation at the taper junction and allow subsequent ingress of 
corrosive fluids into the taper.  
 
 
Figure 4-1 Schematic of taper junctions showing (a) taper contact variables, and contact regions 
described as (b) proximal and (c) distal 
The current study is designed to computationally evaluate the effects of loading and 
clearances on the taper gap formation and surface stresses at the taper junction. The load 
profiles need to apply a changing load vector in the form of activities of daily living as well as 
profiles applied by commercially available hip simulators.  
Recognition of the parameters that may influence corrosion can inform taper design and 
evaluation of taper performance. The influence of varying taper clearance on gap formation, 
defined as the relative movement at the entry of the taper interface normal to the taper 
surface (Figure 4-1a), which may influence fluid ingress, has not been previously studied. 
This leads to the test hypotheses that low taper clearance and distal contact will prevent 
taper gap opening under a moving load vector.  
(b) (c) 
(a) 
Chapter 4 Prediction of in vivo taper performance:  The influence of loading and taper design variables  
 
 94 
4.2 FE outline 
Two FE models were generated:  
i. A CoCr-steel taper assembly (CoCr femoral head and 17-4 steel trunnion fixture) 
to validate the computational model 
ii. CoCr/Ti taper junction which has a clinically relevant trunnion material  
4.3 Validation Model  
4.3.1 Method 
A 3D FE model of a 40 mm (+0 mm head offset) CoCr head, a 17-4 steel trunnion fixture 
and an acetabular liner was created using Abaqus/CAE v 6.13-1. The head-trunnion 
assembly and the liner were orientated at 23° and 35° respectively to the horizontal plane to 
recreate the hip simulator setup (Figure 4-2a). The components of the model were assigned 
individual material properties, as indicated in Table 4-1. After creating the geometry, the 
parts were only compatible with tetrahedral mesh. Meshing of the parts was achieved with 
C3D10 elements which are 10-noded quadratic tetrahedrons from the family of 3D stress 
elements. All materials were assumed to be linear elastic and homogenous. The head-
trunnion and head-liner contact interactions were modelled using a finite sliding formulation 
with a surface-to-surface discretisation. At the head-liner interface, the coefficient of friction 
value used was 0.083 (Ong et al., 2009). At the head-trunnion interface, the friction 
coefficient for the CoCr alloy with 17-4 steel alloy has not been reported because it is not 
clinically relevant; for other relevant material combinations, the reported values have been 
between 0.15 and 0.21 (Elkins et al., 2014, English et al., 2016). For the present work, the 
higher value of 0.21 was used.  
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Table 4-1 Material properties on FE model (Jin et al., 2006a, AZoM, 2012) 
Part Material E / MPa ν 
Femoral head CoCr 230 000 0.30 
Trunnion 17-4 steel 200 000 0.29 
Acetabular liner HXLPE 1 000 0.40 
 
4.3.2 Loading conditions 
A load of 4 kN was applied to a node on top of the femoral head to mate the taper 
(Figure 4-2b). When loading was applied to lock the taper, the base of the trunnion fixture 
was constrained in all 6 degrees of freedom (Figure 4-2b). To mate the taper, the acetabular 
liner was excluded from the model during the impaction step by suppressing it and was 
subsequently reinstated to apply the hip simulator load profile.  
After mating the taper, the assembled model was subjected to the hip simulator walking 
load profile (Figure 4-3a). The hip simulator load was applied at the base of the fixture such 
that the line of action of the force passed through the head centre (Figure 4-2b). Angular 
displacements applied by the hip simulator (Figure 4-3b) were applied to a reference point 
(RP1) at the centre of the head and coupled to the surface of the femoral head (Figure 4-4a). 
A 2nd reference point (RP2) located at the centre of the head was coupled to the trunnion 
surface as well as the articulating surface of the liner (Figure 4-4b and c). The backside of 
the acetabular liner was constrained in all 6 degrees of freedom. The hip simulator utilises 
an acetabular shell as a backing for the acetabular liner but this was not necessary to be 
included in the current model. The loads, rotations and boundary conditions applied were 
defined using Static/General step over a maximum of step time of 100 s. Static methods 
were used to simulate the mating of the taper because similar contact pressures have been 
shown between dynamic and static analyses (Ashkanfar, 2015). Loads and rotations were 
discretised into intervals over the loading cycle which allowed time variations of load and 
angular displacements. 
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Figure 4-4 Reference point coupling with (a) femoral head, (b) trunnion, (c) articulating surface of 
acetabular liner 
The FE model was validated by comparing the computational principal strains with the 
experimental strains measured from the strain gauge rosettes (Chapter 3) connected in a 
quarter bridge configuration.  
The ideal placement position of a gauge would be ‘b’ (Figure 4-5). Computationally, the 
principal strain was taken as the average of strains determined at each node that make up 
that mesh line (‘b’). To account for variations in lateral positioning of the gauge, the strain on 
2 longitudinal mesh lines either side of the ideal position (d, e, f, g) were also determined 
from the FE model.  
 
Figure 4-5 (a) Location of strain gauges in experiemental evaluation in Chapter 3; position C is 















The principal strains recorded from the FE model was found to be tensile for position A 
(181 µɛ) and compressive at position C (63 µɛ). The largest difference between the mean 
principal strain determined in the FE model and the experimental value was 20µɛ for the 
rosettes at both locations, Figure 4-6. The error that could be attributed to strain gauge 
position was estimated through the changing positions d,e,f,g. The greatest difference at 
position A was 20 µɛ assuming the gauge was located at ‘g’. The computational 
compressive principal strains were less variable with a 10 µɛ difference compared to 
experimental principal strains.  
 
Figure 4-6 Experimental and computational principal strains at corresponding locations; positions A 
and C are as shown in Figure 4-5a 
The results validate that the FE model was simulating the experimental conditions and 
could therefore be developed to study changes at the taper interface.   
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4.4 CoCr/Ti Model 
A 3D FE model of a 40 mm (+0 mm head offset) CoCr head and a Titanium alloy 
trunnion (Ti-6Al-4V) was created. The femoral head was assigned material properties, as 
indicated in Table 4-1. The Ti-6Al-4V trunnion was assigned the following properties: E = 
116 000 MPa and ν = 0.31. Both parts were meshed with C3D10 elements. The contact 
interaction between the head taper and trunnion was modelled using a finite sliding 
formulation with a surface-to-surface discretisation and a constant friction coefficient of 0.21 
(English et al, 2016).  
 
Figure 4-7 Mesh distribution on the femoral head and a Ti-6Al-4V trunnion 
 
4.4.1 Loading conditions 
A load of 4 kN was also applied to a node on top of the femoral head to mate the taper 
(Figure 4-8a) followed by functional loads representative of activities of daily living as well as 
profiles applied by commercial hip simulators. Modelling the impaction through a single node 
is a simplification but prevents the need to account for differences in cross section of surgical 
impactors, location of impaction and off-axis surgical impaction. When loading was applied 
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to lock the taper, the trunnion base (Figure 4-8a) was constrained in all 6 degrees of 
freedom over an area of 115 mm2.  
Four load profiles were modelled; ‘walking’ and ‘stair climb’ loading profiles were 
representative of activities of daily living as measured by an instrumented THR implant 
(Hadley, 2012).  The ‘orbital hip sim’ load profile represented the loading cycle applied by an 
orbital hip simulator which undergoes biaxial rocking motion with angular displacements in 
flexion/extension (Flex/Ext) and abduction/adduction (Abd/Add) (Essner and Wang, 2010). 
The ‘prosim’ load profile simulated the loading profile exerted by a hip simulator which 
applies dual axes rotations, namely, Flex/Ext and internal/external rotation (IER) (Hadley et 
al., 2013). The loads for each of these profiles were applied to a reference point, coupled to 
the head taper and trunnion surfaces, located in the centre of the head (English et al., 2016) 
(Figure 4-8b). A second reference point was located in the head centre; this was constrained 
in 3 degrees of translation (U1=U2=U3=0) and kinematically coupled to the surface of the 
femoral head, thereby precluding the need to include an acetabular liner in the model 
(English et al., 2016).  
 
Figure 4-8 Location of loads and boundary conditions on the model 
 
a) b) a) 
Location of boundary condition to mate the taper 
Taper mating load 
Location of 
reference point 
at the head 
centre 
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Figure 4-9 Forces and rotations applied to the femoral head during the simulation of (a and b) walking 
(c) Orbital Hip simulator (d) Prosim and (e and f) Stair climb (Hadley, 2012) 
4.4.2 Variables  
A range of variables were evaluated after tapers had been mated (taper lock).  Maximum 
taper gap was defined as the largest normal separation between the two taper surfaces, 
measured at the open end of the taper junction, over a load cycle, Figure 4-1. Mean contact 
areas under loading and the peak von Mises stresses on the surface of the head and 
trunnion were compared under different loading and geometry variations. The contact area 
for the taper was defined as the sum of regions on the surface elements at the taper 
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taper as well as being determined as the mean contact area over a loading cycle.  
Micromotion was recorded as either parallel or rotational. Parallel micromotion was defined 
as the maximum relative motion at the taper interface along the taper axis over a loading 
cycle. Rotational micromotion was the maximum relative motion over a loading cycle, 
tangential to the taper interface but orthogonal to the direction of parallel motion. 
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4.4.3 Convergence study  
Appropriate mesh densities for variations in trunnion length and angles were determined 
for the femoral head and trunnion via a convergence study using taper gap as the 
dependent variable. The angular variations were less susceptible to changes in mesh 
density; convergence of less than 2 % was achieved at approximately 160 000 elements 
with the exception of the 10.5 mm trunnion where it was achieved at approximately 190 000 
elements. 




Figure 4-11 Convergence analysis for the variation in trunnion angles 
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Convergence study: trunnion length  




Figure 4-13 Convergence analysis for the 13.5 and 18 mm trunnion length 
 
4.4.4 Study 1 - Effect of loading activity on taper conditions 
The gap formed at the junction for 9 trunnion angles (5.48° - 5.74°) paired with a female 
taper at 5.76° was evaluated for loading activities: (1) walking cycle, (2) profile of a walking 
cycle applied by hip simulators and (3) stair climb (Figure 4-9). The taper angular variations 
chosen were representative of commercially available designs reported in the literature (Kao 
et al., 2016, Triantafyllopoulos et al., 2016, Kocagöz et al., 2013, Langton et al., 2012, 
Hernigou et al., 2013, Brock et al., 2015).  
Results 1 
Changing the taper clearances led to a range of contact areas as indicated in Figure 
4-14. There was a reduction in mean contact area at the taper junction following loading 
conditions of both simulated stair climb and walking compared to the contact area after the 
taper was mated (Figure 4-14). The hip simulator conditions resulted in either an equivalent 
or an increase in the mean contact area (Figure 4-14) and showed an axisymmetric contact 
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18 mm
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Figure 4-14 (a) Mean contact area developed in a range of loading activities for taper clearances of 
0.08,0.19,0.21 and 0.28° (b) Summary of the influence of loading on the mean contact area after a 
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In comparison to the axisymmetric contact, the contact area due to stair climb displayed 
an asymmetric pattern (Figure 4-15b). The contact distribution changed over the loading 
cycle (Figure 4-18). Considering all the positive clearances modelled, the mean contact area 
under stair climb load had a positive linear relationship with contact area after taper lock 
(Figure 4-16).  
 
Figure 4-15(a) Axisymmetric contact area under ‘hipsim’ load profile at point of maximum taper gap 
(axisymmetric contact pattern for prosim profile and walking) (b) Asymmetric contact area on the 
femoral head during stair climb at point of maximum taper gap 
(b) (a) 




Figure 4-16 Relationships developed under simulated stair climb loading for a) contact area once the 
taper was mated with mean contact area at the taper junction after taper lock for all 5° proximal taper 
contact conditions 
The maximum taper gap occurred at a load corresponding to 1.1 times bodyweight for a 
75 kg mass (Figure 4-18). For all positive clearances modelled, the maximum taper gap 
generated was found to be inversely related to the contact area developed during the 
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Figure 4-17 Example of a variation of taper gap with load and rotations under stair climb loading 
 
 
Figure 4-18  (a) More detailed view of Figure 4-17 showing the variation of taper gap with load and (b) 
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Figure 4-19 (b) Relationship between the maximum gap developed at the taper junction with mean 
contact area during stair climb for all taper clearances for a 5.76
o
 head taper 
Stair climb loading created the largest taper gap, the smallest contact area and largest 
surface stresses on the head taper were elevated compared to the other loading conditions 
(Table 4-3).  
Table 4-3 Results for proximal taper contact conditions (mean of clearances modelled); maximum von 
Mises stresses at the trunnion did not change with loading activity 
Activity 
Max von Mises stress / 
MPa Max taper gap / 
µm 
Mean contact 
area / mm2 
Head taper Trunnion 
Walking  250 
86 
13 219 
Orbital hip sim 101 9 303 
Prosim 107 9 306 
Stair climb 950 67 131 
 
Figure 4-20 confirmed that the load vector changed under hip simulator and stair climb 
loading conditions since the location of the maximum taper opening varied over the loading 
cycle. However, the location of the maximum taper gap moved a larger distance under stair 
climb loading even though the peak load applied by the hip simulator was 58 % higher 




























Figure 4-20 (a) Changes in the location of the maximum taper gap (marked x) on taper clearance 0.28°, the time points evaluated correspond to the load and taper 

































































Figure 4-21 Location of the max taper gap at the interface for taper clearance 0.28° under orbital hip 
simulator and stair climb loading conditions 
 
Further, it was observed that during stair climb loading, the plane of the maximum taper 
opening was the same as that of the highest surface head taper stresses. This, combined 
with the asymmetric contact pattern at the junction indicated that a toggling mechanism was 
being simulated during stair climb. 
 
4.4.5 Study 2 – Variation in taper gap under proximal and distal 
contact conditions 
Negative clearances of approximately -0.2° have been reported in commercially 
available THRs (Kocagöz et al., 2013); hence distally contacting tapers were introduced with 
clearance angles of -0.02° to -0.25°on a 5.76° head taper. These were evaluated under stair 
climb loading conditions only; the resulting maximum taper gap and taper engagement 
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The effect of angular clearances on taper gap at two other commercially relevant taper 
angles: 2 and 8° was also evaluated using stair climb loading (Figure 4-22).  
 
Figure 4-22 Schematic representation of taper angles and clearances modelled HT= head taper 
 
Results 2 
At taper lock, there was an axisymmetric contact pattern which varied over the length of 
the trunnion from the maximum area at -0.02° to the smallest area at -0.25° (Figure 4-23a). 
Under loading, this changed to asymmetric contact for all negative clearances. When the 
maximum taper gap was generated at a clearance of -0.25°, the smallest contact area was 
observed (Figure 4-23b) and the magnitude of the gap was approximately twice that of the 
lowest taper gaps (Figure 4-24a).  
Overall, the maximum taper gap generated reduced with the taper clearance for 5° 
trunnions for both proximal and distal contact conditions along with the taper engagement 
lengths immediately after taper mating (Figure 4-24). Hence moving towards a condition of 
reduced taper clearances increased the length over which the taper was supported and 
reduced the maximum gap generated at the interface under loading. Within a range of ±0.1°, 
similar gaps were generated because the tapers engaged over comparable lengths.  




Figure 4-23 Change in contact area distribution from (a) symmetric after taper lock to (b) asymmetric 
under stair climb loading for the 5° taper with negative taper clearances; contact area depicted in (b) 



































Figure 4-24 Change in a) taper gap b) engagement length under proximal and distal contact conditions 
for the 5° taper under stair climb loading, for a 13.5 mm long trunnion 
For other commercially relevant taper angles, a reduction in clearance also resulted in a 
reduction in the gap formed at the taper junction (Figure 4-25); this was also due to an 
increasing taper engagement length (Figure 4-26). For a given clearance, the gap formed at 
the 2° taper was greater than the 8° taper. Further, comparing all 3 trunnion angles showed 
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Figure 4-25 Relationship between taper clearance and taper gap formed under stair climb loading for 2° 
and 8° trunnions 
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4.4.6 Study 3 - Effect of trunnion length on taper gap  
The taper gap generated was evaluated for 3 representative trunnion lengths: 10.5, 13.5 
and 18 mm (Kao et al., 2016). The taper angles were kept constant using the same female 
taper angle of 5.76° and a male taper angle of 5.66°. Each taper was subject to walking, 
stair climb and the 2 hip simulator load profiles (Figure 4-9). 
Results 3 
Under walking and hip simulator loading profiles, the shortest trunnion length generated 
the lowest taper gap for the three trunnions evaluated, with comparable head taper stresses 
and contact areas. In comparison, under stair climb loading, the shortest trunnion generated 
a considerably larger maximum taper gap and peak von Mises stress at the head taper 
surface than the longer trunnions as well as the lowest contact area (Figure 4-27).  
  




          
 
Figure 4-27 Effect of trunnion length on (a) maximum taper gap (b) corresponding contact area under 
physiological walking, 2 hip simulator profiles and stair climb activity (c) maximum surface stress at the 
head taper. All data relates to a taper assembly with a head taper angle of 5.76° and a trunnion angle of 
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4.4.7 Study 4 - Evaluating a simplified stair climb load profile 
The stair climb profile was modified by removing the IER component to recreate the d.o.f 
capabilities on an orbital hip simulator. This was evaluated on the proximal 5° tapers to 
determine its suitability as a simplified profile for approximating the effect of stair climb 
loading on taper junctions.  
Results 4 
Simplifying the stair climb loading profile to exclude rotation about the vertical axis (IER), 
did not have a considerable effect on the surface stresses at the head taper or the gap 
generated at the taper interface for 5° tapers which were designed for proximal contact 
(Figure 4-28).  
 
Figure 4-28 Comparing the surface stresses generated at the head taper and taper gap between stair 
climb loading and a simplified form with flex/ext and abd/add rotations only on proximally contacting 5° 
tapers 
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4.4.8 Study 5 – Effect of trunnion material on taper conditions  
Under stair climb loading, a change in trunnion material from Ti-6Al-4V (E =110 GPa) to 
CoCr (E = 230 GPa) was evaluated with respect to taper gap and surface stresses at the 
head taper, for proximal contact conditions defined in 4.4.4. 
Results 5  
The mean gap at the taper interface on the 5° tapers with positive clearances (0.02 – 
0.28°) increased by 4% on the taper assembly when a CoCr trunnion was modelled 
compared to the assembly with a Ti-6Al-4V trunnion. A 7% increase in the surface stresses 
was observed on the head taper when a CoCr trunnion was used (Figure 4-29). 
 
Figure 4-29 Comparison of the taper gap and surface stresses on the femoral head generated under 
stair climb loading for proximal 5° tapers between CoCr and Ti-6Al-4V trunnions 
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4.4.9 Study 6 - FE analysis of experimental variables  
An evaluation was carried out to compare the micromotion and mean contact areas 
developed with the proximal and distal CoCr/Ti tapers (Figure 4-30) which had been 
designed and manufactured to be evaluated on the hip simulator. The proximal CoCr/Ti 
taper represented a range of clinically relevant angles on both male and female tapers. The 
distal CoCr/Ti taper was a combination of a commercially available femoral head taper and a 
non-clinically relevant trunnion to create an extreme negative clearance. The load profile 
applied to these tapers was implemented to replicate the orbital hip simulator. Two types of 
micromotion were evaluated per contact condition namely parallel and rotational 
displacements. 
 
Figure 4-30 (a) proximal and (b) distal contact conditions evaluated on the hip simulator HT= head taper 
 
Results 6  
Upon impaction of the femoral head on the titanium trunnion, the engagement lengths of 
the proximal and distal tapers were 5 mm (Figure 4-31a) and 3 mm (Figure 4-31b) 
respectively. The proximal contact condition generated a mean contact area of 187 mm2; in 
contrast, the distal contact condition generated a mean contact area of 9 mm2 under the hip 
simulator load profile (Figure 4-32). This markedly lower contact area consequently 
generated increased rotational and parallel micromotion on the distal taper design as 
compared to the proximal taper contact model (Table 4-4). The more clinically relevant distal 
(a) (b) 
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contact tapers, with smaller clearances between -0.02 and -0.25° (section 4.4.5) were not 
evaluated experimentally because the intent of the experimental analysis was to create an 
extreme of distal contact. It was established from the model simulation that these generated 
a mean parallel micromotion of 4.52 µm and a mean rotational micromotion of 3.34 µm 
(Table 4-4).  
                 
Figure 4-31 Contact distribution generated on the (a) proximal and (b) distal taper junctions evaluated 
on the hip simulator  
  
(a) (b) 



































    
 
Figure 4-32 (a) Mean contact area over a hip simulator loading cycle (b) proximal and distal contact 
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Table 4-4 Evaluation of rotational and parallel micromotion generated on the hip simulator in proximal 
and distal conditions using FEA 
 Taper 
clearance° 
Micromotion / µm  
Parallel Rotational  
Proximal 0.1 4.6 4.2 
Distal 
-0.02 –  
-0.25 
4.5 3.3 
-2.9 395.5 569.8 
 
4.5 Discussion  
The FE modelling approach has proved successful in evaluating the effects of loading 
and taper clearances on both gap formation and surface stresses. The findings can be 
related to previously reported experimental and clinical findings.  As an example, in retrieval 
studies (Hothi et al 2017) toggling has been suggested to both allow fluid ingress and 
produce ‘tilting’ of the trunnion in the head taper thus generating high surface stresses which 
exacerbates the potential for corrosion (Chu et al., 2000). In the present work evidence of 
the simulation of conditions that produce a toggling effect were observed in tapers (Figure 
4-10 and Figure 4-14).  Large gap opening values (9 – 150 m) at the mouth, or distal end, 
of the tapers were observed depending on factors associated with trunnion length, taper 
engagement position, taper angle and taper clearance. Significantly, the effects were 
greatest under the simulated loading conditions of stair climbing.   
It has been well established that orthopaedic metals develop corrosion resistant thin 
passive oxide layers of the order of 1 – 4 nm (Mali, 2016, Goldberg and Gilbert, 1997).  
However if this layer is compromised in a biological environment, the rate of corrosion can 
be increased by a factor of 108 (Goldberg et al., 2002). Although the premise of MACC is 
that micromotion due to cyclic loading, may abrade or fracture these oxide films (Gilbert et 
al., 1993), little is understood about these stress-induced mechanisms. The elevated von 
Mises surface stresses on the head taper established in the present work (Figure 4-27c), 
may create the conditions where this oxide layer is compromised thereby exposing the 
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underlying metal to the corrosive fluid which penetrates the taper junction. The introduction 
of rougher trunnions may further raise concerns about fracture of the oxide layer by 
increasing local surface stresses. A multiscale FE study (Lundberg et al., 2015) confirmed 
that the largest stresses were observed at the peaks of surface topography features. The 
current study established that trunnion surface stresses did not change substantially with 
variations of loading or taper design.  This implies that whereas, changing conditions at the 
taper could have a detrimental impact on the passive oxide layer on the head taper, the 
trunnion oxide layer may remain intact. This could indeed provide an explanation for why 
head tapers are widely seen to corrode preferentially over trunnions in retrieved components 
(Higgs et al., 2013). 
The use of a hip simulator loading profile which simulates a walking cycle, may be used 
in order to evaluate the response of a taper junction under a changing load vector. However, 
the present work has suggested that this loading condition may not provide a sufficient 
evaluation. Indeed, while the simulated walking cycle can be successfully used to estimate 
bearing surface wear, it is not capable of discriminating between different taper designs. In 
order to evaluate tapers, a more challenging activity may be required; stair climbing with its 
inherent increase in torsional loading (Bergmann et al, 2001), has previously been reported 
to differentiate the stability of different designs of cemented stems in the laboratory (Kassi et 
al., 2005). In the current study, stair climb loading generated the largest taper gaps and 
maximum surface von Mises stresses at the head taper (Table 4-3), as well as generating a 
movement that could be interpreted as representing toggling at the taper junction (Figure 
4-10 and Figure 4-14). Replicating 3 axes of loading and rotation increases the complexity, 
cost and size of a hip simulator (Smith and Unsworth, 2000). Although the AMTI-Boston is 
able to replicate 3 axes of motion, most other hip simulators currently available are capable 
of producing 2 axes of motion (Table 2-16) in addition to single axis loading, this design has 
been shown to be sufficient for wear testing. The existing orbital hip simulators can be used 
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to approximate the effect of stair climb loading on taper junctions, much like simplified 
walking cycle profiles have been generated to simulate normal walking (Figure 4-28). 
However, this requires that the simulators’ ROM to be increased. Currently, there are some 
simulators which are able to apply increased flexion with a flex/ext ROM of ±60° (Hadley, 
2012). 
Trunnion lengths have been reduced in current modular THRs providing impingement 
free ROM (Langton et al., 2012, Oehy and Bider, 2004). However, shorter trunnions have 
been reported to be associated with increased corrosion at the taper junction particularly at 
the taper base (distal end), which may be attributed to increased stresses at this location 
(Tan et al., 2015, Langton et al., 2012). The results of the present study showed that the 
stresses at the base of the shortest trunnion were indeed the largest and that under stair 
climb, the shortest taper (10.5 mm) produced a large taper gap (Figure 4-27). This raises 
concerns about short trunnion designs, indicating that there may be an explanation for the 
clinical findings. 
Engineering drawings of tapers specify gauge points coincident on both male and female 
tapers. Although it is assumed that the taper will engage at this location, it is not known 
where the taper will actually engage after surgical impaction, due to manufacturing 
tolerances which lead to variability. The original design of tapers using ceramic heads was 
implemented for proximal contact to prevent large tensile stresses in the head thereby 
reducing the risk of head fracture (Cales and Stefani, 1998). However, metal taper junctions 
can be designed to engage distally (Kocagöz et al., 2013) without the risk of fracture. An 
experimental evaluation of the taper engagement position showed that the position of taper 
lock could be out of range of the position defined as the gauge point (Appendix A.2). FEA 
findings in this study indicate that regardless of taper angle, moving the taper engagement 
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point more distally, reduced the gap formed at the distal taper (Figure 4-25). This 
arrangement would be expected to reduce the transport of fluid into the junction.  
Retrieval analysis has not found any clear correlation between taper clearance and 
damage due to fretting and corrosion (Kocagöz et al., 2013), although this may be due to the 
multiple factors that influence conditions in THRs. Under certain clearances in the current 
work, it has been shown that both proximal and distal contact conditions generate similar 
taper gaps if the length over which the taper engages is equivalent. Consequently, for the 5° 
tapers modelled in this study, a clearance of up to 0.1° maximised the engagement along 
the length of the trunnion, and thereby retained a maximum taper gap as small as 
approximately 20 m. Ashkanfar et al. (2017) concluded that a similar taper mismatch (no 
more than 6´ or 0.1°) would minimise taper wear. Surprisingly, the taper gap generated at     
-0.25° was approximately twice the minimal taper gaps observed (Figure 4-23a). This 
showed that toggling developed under stair climb loading, could be detrimental the 
performance of such tapers too. However, at an equivalent clearance on the proximally 
contacting tapers (+0.25°), the maximum taper gap would be predicted to be more than 
double the value observed at -0.25° (Figure 4-23a).  
Maximising the engagement length at a taper junction, thereby maximising the contact 
area, reduces the gaps that may be developed during loading. Increased contact area over 
the taper junction has been reported to be beneficial as it increases the stability at the taper 
junction (Hussenbocus et al., 2015). However, there has been no design limit for the contact 
area formed at the taper junction. A 1995 FDA recommendation for ceramic head tapers 
suggested that a stem taper must be in direct contact with at least 50% of the vertical length 
of the taper (FDA, 1995). Yet, in a study assessing the contact area at the taper interface, 
the proportion of area in contact for a 11 mm long trunnion, 12/14 taper was reported to be 
less than 20 % despite high impact loads of 8 kN  (Witt et al., 2015).  These area values 
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reported are similar to those generated following mating reported in the current study but do 
not represent the contact area that may occur during loading. However, the contact area 
under loading was found to be directly proportional to the area after taper mating under the 
most severe loading condition (Figure 4-19a) indicating that this initial measure remains 
useful. From the current modelling, the FDA recommendation of 50 % of the taper being in 
direct contact (after taper lock) would be predicted to generate a 57 µm gap at the taper  
whilst a 20 % area in contact at a mated taper interface would be predicted to generate taper 
gaps of over 90 m under stair climb loading. Further experimental work is required to 
understand whether developing a threshold value of maximum taper gap generation under 
loading could reduce the onset of corrosion. 
It was observed that in response to the application of a stair climb load profile, the use of 
a CoCr alloy for the trunnion resulted in increased separation at the taper interface (Figure 
4-29). This might be expected to increase in surface stresses at the head taper as a larger 
gap would cause a greater tilt of the trunnion in the femoral head (Figure 4-33). The increase 
in both taper gap to allow for fluid ingress as well as elevated surface stresses which could 
damage the oxide layer, may provide support for the observation that clinically, CoCr/CoCr 
taper junctions also corrode (Gilbert et al., 1993), with no obvious advantages of utilising the 
same alloy and avoiding galvanic corrosion. Although the titanium alloy with the lower elastic 
modulus did not result in increased taper gap in the current work, there have been concerns 
around increased corrosion with respect to the TMZF alloy which has an even lower elastic 
modulus (74-85 GPa) with suggestions that this is due to its increased ‘flexibility’ (Walker et 
al., 2016, Tan et al., 2015, Raju et al., 2017). Flexural rigidity is a function of modulus and 
trunnion dimensions and is proportional to geometric properties to the fourth power (equation 
12). Accordingly, the shorter 10 mm trunnion modelled in this study resulted in 42% increase 
in taper gap relative to the ‘mid length’ 13 mm trunnion. The gap formed at the taper junction 
was more sensitive to changes in dimension than modulus. Additionally, when reports of 
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taper corrosion are evaluated (Table 4-5), it can be deduced that increased trunnion rigidity 
does not prevent corrosion since the Ranawat-Burnstein MD Fit stem with a flexural rigidity 
almost 5 times that of the Accolade TMZF stem, was also found to corrode. In terms of 
frequency of reporting, the Ranawat-Burnstein MD Fit stem was only observed once; in 
Table 4-5, the M/L taper stem with more than twice the flexural rigidity of Accolade stem had 
the highest number of reports (n=20); the Prodigy stem, which is 347 % more rigid than the 
Accolade stem (Table 4-5), was reported 8 times in comparison to 14 reports of the 
Accolade stem. Nonetheless, a threshold might exist beyond which flexural rigidity could limit 
corrosion. Hothi et al. (2017a) reported clinically insignificant trunnionosis with 14/16 CoCr 
trunnions. Porter et al. (2014) presented a range of flexural rigidity of 14/16 CoCr trunnions 
as 561.03 - 623.20 Nm2; although the stem evaluated by Hothi and colleagues was not 
quoted, it is possible that this threshold is above 500 Nm2. 
 
Figure 4-33 Schematic of increased tilting due to larger taper gap resulting in increased surface 
stresses at the head taper; where taper gap x > taper gap y and the red region represents the magnitude 
of surface stresses at the head taper  
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Table 4-5 Femoral stems associated with taper corrosion in case reports or retrieval studies (Porter et 
al., 2014, Eltit et al., 2017, Whitehouse et al., 2015, Walsh et al., 2012, Nodzo et al., 2017, Carli et al., 2015, 













Consideration of design features at the taper junction is important if hip implants 
longevity is to be improved.  In the current work, even the standard walking profile, or its 
simplified variants, has been shown to be insufficient to differentiate features that occur at 
taper junctions with relevant taper design variables. The mechanism that could be described 
as toggling was simulated during stair climb loading, as shown by differentiated maximum 
taper gap opening values and high localised von Mises surface stresses on the trunnion. 
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performance; contact areas below 125 mm2 over a stair climb loading cycle, lead to large 
gaps at the distal taper junction, which may be detrimental to taper performance. The use of 
a simplified stair climb profile with two axes of rotation, in line with the capabilities of the 
orbital hip simulator was established to be sufficient representation of a stair climb activity to 
generate gaps. The taper gap opening is dependent on the length over which the taper 
engages and not whether it engaged in proximal or distal contact; for 5° tapers, the 
engagement length was maximised and thus taper gap minimised within a clearance range 
of ±0.1°. These findings are significant in the future design evolution of taper junctions for 
use in the orthopaedic industry and their evaluation prior to implantation, impacting 






Chapter 5. Method Development and Design  
 
5.1 Problem Definition 
It was proposed to use the hip simulator to study the effect of a moving load vector on 
the taper junction and its corrosion products whilst utilising metal-on-polyethylene bearing 
components. 
5.2 Rationale for isolating the taper junction on LHMoP 
Taper corrosion has also been reported in retrievals of MoP devices (Cook et al., 2013, 
Tan et al., 2015, Hothi et al., 2017a, Whitehouse et al., 2015)  and Li et al. (2015) reported 
that a wear test on MoP devices (36 mm CoCr heads, 12/14 Ti-6Al-4V trunnions) showed 
visual signs of corrosion after 45 Mc of testing on a hip simulator. This appears to be a 
retrospective finding and although the material lost from the head taper was measured, the 
products from the taper were not collected nor characterised. Further, it is arguable that an 
in vitro evaluation using such an extended timeframe is not particularly useful.  
Despite large headed metal-on-metal (LHMoM) devices being largely discontinued 
(Beadling, 2017), large heads are still regarded as advantageous in THR as they reduce the 
risk of dislocation (Crowninshield et al., 2004), even though they result in increased frictional 
torque at the bearing surface (Morlock et al., 2011). In MoP devices highly crosslinked 
polyethylenes (HXLPE) have enabled the use of large heads; Burroughs et al. (2006) 
showed that HXLPE exhibited a significant increase in frictional torque relative to 
conventional polyethylene. The introduction of vitamin E polyethylenes to counteract the 
oxidation of  HXLPE (Rajpura et al., 2014), may exacerbate the bearing surface friction; 
Meneghini et al. (2016) reported increased frictional torque in highly crosslinked 
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polyethylene (HXLPE) with vitamin E in comparison to liners without the antioxidant when 
both polyethylene types were paired with large CoCr heads (Meneghini et al., 2016). 
Ultimately, the increased bearing surface friction may increase the forces and contribute to 
fretting and corrosion at the taper junction of LHMoP devices.  
Corrosion results in the release of ionic and particulate matter which are capable of 
initiating inflammatory reactions in the body (Hussenbocus et al., 2015). It has been 
suggested that the taper products create a more severe reaction than wear debris from the 
bearing surface (Langton, 2014, Hart et al., 2013). Clinical retrieval studies have used ion 
analysis and quantified taper debris as an indicative measure of taper junction performance 
and degradation (Langton, 2014, Morlock et al., 2016). Although blood levels of Co and Cr 
have been measured and it is reported that an elevation of Co over Cr is indicative of taper 
corrosion (Plummer et al., 2016, Nodzo et al., 2017, McGrory et al., 2017), the concentration 
of ions released from the taper junction cannot be determined independent of the rest of the 
implant in vivo.  
In laboratory testing, the taper junction needs to be isolated from the bearing surface in 
order to characterise the features associated with the taper (ionic and particulate products) 
independent of the bearing surface. It has been reported from retrievals, that the taper 
junction can contribute as much as a third of the total volumetric wear (Hart et al., 2013).  
Through this isolation, a different microenvironment can additionally be created around the 
taper to evaluate its effect on the taper junction rather than the lubricant necessary to 
develop appropriate tribological conditions at the bearing surface. Microenvironments around 
the taper junction whilst conducting uniaxial tests, have been previously reported; this was 
achieved by encasing the junction in an elastomeric sleeve (Aldinger et al., 2015, Jani et al., 
1997) (Figure 5-1). By isolating the taper junction from the bearing surface on the hip 
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simulator, Pamu et al. (2012) showed the Co ions released from the taper junction were 2 
orders of magnitude lower than the MoM articulating surface. 
 
Figure 5-1 Taper junctions encased in an elastomer (Aldinger et al., 2015) 
Further, an isolation mechanism could reduce the volume of fluid around the taper 
ensuring that small changes can be measured. The volume of fluid used to lubricate the 
bearing surface in hip simulator tests are typically up to 600 ml (Wang et al., 2004, Tateiwa 
et al., 2006, Royle, 2012); these large volumes of bearing surface fluid considerably dilute 
the concentration of ions released from the taper junction, meaning small differences in ion 
release between taper designs will not be differentiated. Whilst ASTM F1875 (1998) 
recommends a range of 5 – 100 ml, Aldinger et al. (2015) isolated the taper junction in 7 ml 
of fluid. 
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5.3 Gaiter isolation design  
5.3.1 Design requirements 
The requirements for the isolating mechanism were to: 
1. Occupy the area between the head and the trunnion taper fixture when assembled  
2. Not interfere with the engagement of the taper 
3. Not obstruct the normal ROM at the bearing surface   
4. Prevent lubricant exchange between the bearing surface lubricant and the fluid 
around the taper 
5. Retains its structural integrity for the duration of no less than 0.3 M cycles which is 
the minimum number of hip simulator cycles run in a wear test before the lubricant is 
changed 
6. Maintain its integrity at flash temperatures as high as 60°C measured at the bearing 
surface (Kurtz, 2010)  
7. Utilise a sealing method that also meets requirement 6 
8. Allow the microenvironment created at the taper to be evaluated at various time 
intervals without dismantling the setup 
 
5.3.2 Design evolution  
5.3.2.1 PTFE and Nylon 6-6 chambers 
The motion path on the hip simulator makes it impossible to attach a chamber to the 
polar region of the femoral head as shown in Figure 5-1. Therefore, the first isolation 
chamber designed was manufactured from PTFE and was assembled as shown in Figure 
5-2. The chamber featured proximal and distal concentric o-ring grooves (Figure 5-3) to seal 
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Figure 5-2PTFE chamber and associated components 
The chamber was tested for structural integrity and fluid retention on a 56 mm CoCr 
head, UHMWPE liner and a shell under hip simulator loading conditions with 25 % bovine 
serum as the lubricant. Within the isolation chamber, a concentrated purple fabric dye was 
used so that any fluid leakage was apparent. The hip simulator was run for 0.25 Mc out of 
the required 0.3 Mc before it was observed that the dye leaked. Failure of the chamber was 
found to be caused by impingement of the PTFE chamber on the acetabular shell. This 
introduced a lateral force displacing the chamber during the test and allowing fluid egress. 
Whilst disassembling the components, it was noticed that the seal was intact as a significant 
force had to be applied to release the head from the taper suggesting that the method of 
fluid isolation would be appropriate if the lateral force is removed. Thus, the external 
Proximal 
o-ring 
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diameter of the chamber was reduced in a new prototype to prevent the impingement 
(Figure 5-3b). It was also observed that the PTFE had deformed around the proximal o-ring 
groove (Figure 5-3a). The 2nd prototype was therefore manufactured from nylon 6 
(polycaprolactam) because of its increased stiffness (2.62 – 3.2 GPa; CES EduPack 2013) 
compared to PTFE (0.4 -0.552 GPa; CES EduPack 2013).  
 
Figure 5-3 (a) deformed old isolation chamber (b) new prototype with reduced profile 
A second test showed that the increased stiffness of nylon stopped the taper mating 
which rendered the design unsatisfactory. Also, it was decided that a taper isolation device 
which allowed the conditions in the microenvironment to be evaluated at different time 
intervals was highly desirable. Therefore, this was incorporated as an additional 
requirement.  Further, the 56 mm heads were discontinued and therefore could not be 
supplied for these tests. However, it was important to retain the use of a large head to take 
advantage of higher demands on the taper junction. Rodriguez and Rathod (2012) reported 
that beyond 40 mm, there are no additional benefits of dislocation resistance. Therefore, 40 
mm heads were ideal for use with a new isolation design.  
The 40 mm and 56 mm heads have different profiles (Figure 5-4) which removed the 
proximal o-ring sealing surface. 
(a) (b) 




Figure 5-4  (a) 56 mm and (b) 40 mm head profiles 
5.3.2.1.1 Silicone chambers 
To eliminate the issue with the isolation chamber preventing the tapers mating, the 3rd 
chamber design was manufactured using silicone rubber. The mould components were 
manufactured as rapid prototype (ABS-M30 material) parts (Figure 5-5). Sylgard 184 silicone 
elastomer (Dow Corning Europe) was supplied as a two-part liquid component kit, a pre-
polymer base (part A) and a crosslinking curing agent (part B) curable at both room 
temperature (RT = 25 ◦C) and elevated temperatures (Johnston et al., 2014). The uncured 
mixture of 10 parts base to 1 part curing agent was thoroughly degassed in a vacuum 
dessicator at low pressure to remove bubbles and poured into moulds to cure at 70oC. The 
resultant silicone chamber cured as a translucent structure (Figure 5-5). Sampling ports 
were incorporated into the silicone chamber by creating 2 holes using a biopsy punch, 
feeding silicone tubing through the holes to create an inlet and outlet port and sealing 
around the edge of the holes using silicone sealant to prevent leakage. The basal rim of the 
femoral head was sealed to the silicone chamber prior to being impacted onto the trunnion 
with a cyanoacrylate Loctite 406 used after the application of a primer, Loctite 770 (Henkel 
Ltd, Hertfordshire) (Figure 5-5) and the distal region of the chamber was sealed using a 
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Figure 5-5 (a) 3-part rapid prototyped ABS mould (b) first silicone design created with PDMS (c) the 






(c) Femoral head  
Sampling port  
Silicone 
chamber   
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The assembly with a silicone chamber was evaluated on the hip simulator and it was 




Figure 5-6 (a) Testing the initial design (b) Damage created on initial silicone design after running on 














chamber   
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5.3.2.1.2 Final isolation design  
A new silicone taper isolation chamber was designed with a slimmer profile to prevent 
the interference of the chamber with the acetabular components during the motion of the hip 
simulator. The manufacture of the new chamber (Figure 5-7a) was outsourced to Beakbane 
Limited (Kidderminster, UK), as the design featured an inverted profile which required a split 
mould not achievable using rapid prototyping. The new design was adhered to the base rim 
of the femoral head using Loctite 406 with a 770 primer. The chamber was sealed at the 
distal end using a stainless steel plate with a 2 mm thick concentric o-ring bolted onto on the 
silicone chamber and the adaptable taper base via 6 M4 screws (Figure 5-7).  Sampling 
ports were created on the manufactured part as described in 5.3.2.1.1. 
 
Figure 5-7 (a) Redesign of the isolation chamber with a slimmer profile (not showing the sampling 
ports) (b) Model of isolation chamber assembled  
 
Further, the acetabular components were modified (see Appendix A.1) by removing 816 
and 1172 mm3 of the liner and shell respectively to ensure that the motion of the hip 









taper base  




Figure 5-8 Assembly of the chamber on the head and trunnion on the modified acetabular components 
5.4 Taper junction design 
5.4.1 Material selection 
The original trunnion fixture used on the hip simulator was a monobloc design 
manufactured from 17-4 steel which is not used clinically (Figure 5-9). The only region of 
interest in the current study is the taper and not the base of the fixture which constitutes a 
larger volume of material.  
 
Figure 5-9 Monobloc trunnion fixture 
Clinically, trunnions are fabricated from Ti-6Al-4V, 316L Stainless steel or CoCr alloy. Ti-
6Al-4V alloys are attractive for use as hip stems because of their relatively low elastic 
modulus. A preliminary evaluation was carried out to compare two taper material 
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combinations, namely CoCr/17-4 steel and CoCr/Ti alloy under hip simulator loading. 
Royhman et al. (2014) showed that corrosion rate was inversely related to pH for both 
Ti6Al4V and CoCr alloys. Also, Virtanen et al. (2008) state that the rate of dissolution of 
wrought CoCr alloy was constant when the pH of saline was reduced from 7.4 to 2. Further, 
Nambu et al. (2015) reported that the pH in the taper of a dissociated modular femoral stem 
was 1.5 and Gilbert (2012) suggests the pH within modular tapers of hip replacement could 
be even lower than 1. Therefore the two CoCr female taper bores (40 mm heads) were filled 
with 0.5 ml of PBS, acidified to a pH of 1.6 before mating with either a   17-4 steel trunnion or 
a Ti-6Al-4V trunnion, which were otherwise identical, to create an aggressive test 
environment.  
The components were tested on the hip simulator for 15 000 cycles, under standard gait 
cycle loading using 25 % serum as the lubricant at the bearing surface. The concentration of 
Cobalt ions released in the taper fluid was evaluated using Graphite Furnace Atomic 
Absorption Spectroscopy (GFAAS) (SpectrAA 220FS atomic absorption spectrometer with a 
GTA-110 autosampler, Varian, Oxfordshire, UK). All GFAAS measurements were performed 
using pyrolytically coated graphite partition tubes (Agilent, California, US).   
The results showed that under same conditions, the Co/Ti combination released more 
Co ions into the taper fluid (Figure 5-10). It was resolved therefore that the worst case 
scenario would be created if the trunnion was manufactured from Ti-6Al-4V. 




Figure 5-10 Comparing the cobalt release into the taper fluid after 15 000 cycles of testing on the hip 
simulator 
 
An adaptable or modular trunnion design was introduced as it allows the trunnion to be 
varied independent of the substantial base fixture. The base fixture could be fabricated from 
Ti-6Al-4V, CoCr or steel.  Titanium alloys have lower hardness and thus are susceptible to 
fretting (Antoniou and Radtke, 1997) particularly when it articulates against itself (Grupp et 
al., 2010)  thus making it less suitable for a modular system. Grupp et al. (2010) showed that 
CoCr/Ti combinations reduced fretting in comparison to Ti/Ti but one of the variables of 
interest at the taper interface is Co release thus making any Co alloy unsuitable as a choice 
for the base. The 17-4 steel has been utilised previously under the hip simulator test 
conditions; Zartman et al. (2011) reported no issues associated with galvanic corrosion in 
the combination of steel and titanium and the combination poses no greater risk than for 
similar alloy combinations. Therefore, the final adaptable taper was designed to comprise of 
a Ti-6Al-4V trunnion and a 17-4 steel base (Figure 5-11). The 2 parts were designed for 
assembly by screwing a removable taper insert into the base. The 17-4 steel base was 
coated with PTFE (Fluorocarbon, Hertfordshire, UK) approximately 0.2 mm thick to prevent 
metal ion contamination from the large surface area. The taper inserts were designed with a 





























Figure 5-11 Adaptable taper design 
5.4.2 Trunnion design evolution 
The trunnion insert-base assembly was designed with a concentric 4 mm diameter hole 
through the whole assembly to facilitate the removal of the femoral head (Figure 5-12). Initial 
evaluation of the design on the hip simulator established that fatigue life of the trunnion 
insert was too low and led to early failure at the end of the threaded region.  Therefore, the 
hole was removed to extend the fatigue life. However, this did not prevent some taper 
failures occurring.  
 
Figure 5-12 Adaptable taper assembly showing the concentric hole  
It was identified that the continued failures were caused by a gap between the radius at 
the base of the insert above the thread and the thread on the base.  An undercut feature 







Through hole  
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5.4.3 Taper design variables 
The taper design variables selected for experimental evaluation were both the contact 
location and trunnion roughness.  
A proximal contact condition was designed through the mating of a head taper angle in 
the range 5.725 - 5.808° and a 5° trunnion angle (Figure 5-14). Although the 5° taper in 
clinical settings contacts both proximally and distally, no difference has been reported 
between the contact conditions (Kocagöz et al., 2013).  
A distal contact was designed through mating a 5° head taper described above with an 
8° trunnion (Figure 5-15). Although this was not clinically relevant, it was selected as an 
extreme condition to prevent fluid ingress into the taper interface. Smaller trunnion angles of 
6 and 7° were considered to create this distal contact however the translation of the head 
centre could not be corrected by commercially available head offsets. These head offsets 
are manufactured in 4 mm increments. The  proximal (5/5°) taper assembly utilised a +0 mm 
offset and the head centre could only be correctly located using an 8° trunnion on a -4 mm 
5° head.  
In a review of commercially available stems, Munir et al. (2013) categorised smooth 
(non-threaded) trunnions as having Rz values of between 6 and 7.5 μm and rough 
(threaded) trunnions with Rz values between 10 and 17.4 μm. Consequently, in the current 
study, 5° and 8° trunnions (Figure 5-14 and Figure 5-15) were designed and manufactured 
with smooth (Rz 6μm + 3) and rough surface (Rz 16μm + 3) topographies. 
 Four head-trunnion pairings were utilised namely: (i) proximal contact with a rough 
trunnion, (ii) proximal contact with a smooth trunnion, (iii) distal contact with a smooth 
trunnion and (iv) distal contact with a rough trunnion.  




Figure 5-14 Engineering drawing of the 5° Ti-6Al-4V trunnion  
 
 
Figure 5-15 Engineering drawing of the 8° Ti-6Al-4V trunnion 
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5.5  Taper fluid selection 
The taper junction has been evaluated in different fluids (Table 5-2); these are either 
physiologically representative or are selected to accelerate damage. 
5.5.1 Physiological solutions 
ASTM F1875(1998) recommends the chamber around the taper is filled with electrolyte 
0.9 % sodium chloride (NaCl) in distilled water for short term tests; while for long term tests, 
10 % solution of calf serum in 0.9 % NaCl in distilled water is recommended. Saline solutions 
such as Hank’s, Ringer’s, PBS and 0.9 % NaCl  are used as 'artificial body liquids' because 
they have inorganic components which are present in physiological fluids including blood 
plasma and synovial fluid (Schaaff and Holzwarth, 2003, Beadling, 2017) (Table 5-1). Each 
of these solutions are different but can create an in vitro environment related to the in vivo 
conditions (Zheng, 2016, Bundy, 2005).  
Table 5-1 Inorganic constituents of physiological fluids; units in mM  
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(2016) 
PBS 157 4.1 140 - - -  11.5  -  




















 THR devices are also in contact with proteins. Implants have been shown to be covered 
with a layer of adsorbed protein immediately after insertion into the body (Karimi et al., 2012, 
Virtanen et al., 2008). The interactions of cations with proteins forms organometallic 
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complexes capable of influencing the corrosion rate (Karimi et al., 2012).  There are varied 
reports on the effect of protein on corrosion; it is reported to be metal specific as well as 
dependent on the type and concentration of protein (Bundy, 2005).  
The corrosion rate of CoCr alloy was found to be higher in 10% calf serum solution in 
saline than in saline (0.9% NaCl) alone (Hughes et al., 1990); Brown et al. (1988) reported 
an increase in Co and Cr ions released in 10% calf serum solution in saline (0.9% NaCl) as 
compared to the saline solution alone. Conversely, with 10% foetal calf serum solution in 
PBS, the corrosion resistance of Ti-6Al-4V increased relative to the pure saline condition 
(Khan et al., 1999). Yet, Nganbe et al. (2010) did not observe any corrosion after 1 Mc 
fretting test on modular neck devices run in bovine serum where both neck and stem body 
were manufactured from Ti-6Al-4V. Pamu et al. (2012) showed that following loading for 1 
Mc on a hip simulator, the volume of ions released in new born calf serum from a head-
trunnion junction was approximately 10 times lower than in Ringer’s solution. At 2 Mc 
however, the ion release plateaued in serum but increased by 20 fold in the saline solution. 
Fibrinogen protein was found to increase the dissolution of cobalt powder after 16 hour 
exposure, but chromium dissolution was reduced relative to albumin. Comparatively, there 
was no change in the dissolution of titanium between the two proteins (Clark and Williams, 
1982). 
The fluids in contact with implants, have varying concentrations of protein, with interstitial 
fluid having a protein concentration of 4 g/L in comparison to 66.3 g/L in human serum 
(Karimi et al., 2012). Although it has been suggested that protein concentration may affect 
corrosion (Karimi et al., 2012, Beadling, 2017, Wang et al., 2004), Beadling (2017) found no 
significant difference in the static corrosion behaviour of CoCr alloy between 17 and 30 g/L 
protein concentrations. Further, proteinous lubricants such as calf or bovine serum have 
been added to saline; Beadling (2017) reported similar open circuit potential (OCP) in PBS 
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alone and bovine serum diluted to 17 and 30 g/L in PBS with no significant difference in 
breakdown potential. 
5.5.2 Accelerated solutions 
Accelerated test methodologies are required to create corrosion more quickly than under 
standard conditions (Meade, 1999) as testing for 10 Mc is too time consuming. The 
measured pH within modular tapers has been observed to be as low as 1 and 3 and the 
CoCr alloy is reported to be susceptible to corrosion at a pH lower than 3 (Gilbert, 2012, 
Aldinger et al., 2015). Therefore saline solutions have previously been acidified during in 
vitro evaluations; Aldinger et al. (2015) utilised saline at a pH of 1.5 in the taper 
microenvironment whilst evaluating fretting corrosion of CoCr heads.  
CoCr alloy is susceptible to H2O2  (Gilbert et al., 2015b) but there have been conflicting 
reports on its effect on corrosion.  Gilbert et al. (2015b) and Tengvall et al. (1989) showed 
that H2O2 increased the rate of corrosion of CoCr and Titanium alloys respectively. On the 
other hand, Lin and Bumgardner (2004), suggested that the release of ROS reduces 
corrosion by enhancing surface oxides. Liu and Gilbert (2017) suggest that the effect on 
H2O2 on corrosion of CoCr is dependent upon the prevailing pH and the group found that the 
addition of 30 mM H2O2 to PBS resulted in severe corrosion at physiological pH in 
comparison to lower pH. Reports of ICI corrosion speculated that corrosion occurs in 
response to Fenton reactions which may occur during inflammatory conditions in the implant 
environment, where H2O2 and iron are released as part of the inflammatory sequelae. 
Accordingly, H2O2 has been combined with iron salts to form Fenton reagents. Liu and 
Gilbert (2017) showed that there was a fivefold increase in corrosion current with Fenton 
reagent (10mM H2O2 + FeCl3 + PBS) relative to PBS solution alone; a 30mM concentration 
of H2O2 in PBS resulted in an even larger corrosion current than Fenton reagent at the same 
pH of 7.4.   
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Viceconti et al. (1996) recommended that accelerated tests using FeCl3 should be 
performed if crevice or fretting corrosion is a concern. FeCl3 solution is characterised by 
increased acidity and chloride concentration than can be obtained under normal 
physiological conditions and can be used as a ‘worst case’ scenario because it is conducive 
to pitting and crevice corrosion  (Shreir, 1976, Henthorn, 1981). 
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Table 5-2 Summary of test conditions used to  evaluate taper junctions  
Components Test conditions Outcome Reference 
4 ASTM F136 
commercial 
cementless modular 
neck stem  
 
4 ASTM F136 
modular neck 
laboratory prototype  
Environment: 
Air (n=2) 
buffered Ringer's solution 
(n=3)  
FeCl3 filtered solution (n=3) 
 
Loading: 
Uniaxial compression 200 
to 2,100 N at 2 Hz to 1Mc 
The commercial stems showed minimum fretting wear even in FeCl3 solution.  
 
The Prototype stem with a smaller neck-body taper, showed extensive fretting 
wear in Ringer’s and FeCl3 solutions.  
Viceconti et 
al. (1996) 
28 mm CoCr heads 
3 +8 mm (n=3), +16 
mm (n=3)  
 
Environment: 
7 ml saline + HCl solution  
 
Loading: 
Uniaxial compression 534 
to 5338 N at 5 Hz to 10 Mc  
10 of 12  (heads and trunnions) showed  severe corrosion (Goldberg score 4) Aldinger et 
al. (2015) 
CoCr (ASTM F-1537) 
discs 
PBS with additions of HCl 




OCP and polarization tests 
Large increases in the corrosion susceptibility of CoCr when H2O2 is added to 
PBS or PBS with HCl (pH 1 or 3)  
 
Gilbert et al. 
(2015b) 
CoCr heads, (ASTM 
F1537, n=9) and  9 
neck tapers  
(Ti-6Al-4V, ASTM 
F136, n=6)  






Uniaxial compression Max 
3200N at 3Hz to 1Mc 
Taper fluid v surrounding medium 
Increased ion concentration inside the head in comparison to external 
solutions around the taper and neck.  
 
Loaded v unloaded control: 
Concentration of the taper fluid of loaded samples was significantly higher 
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50 CoCr  





bovine calf serum (n=3) 
Ringer solution (n=3) 
 
Loading: 
F/E 30°/15°,IER ±10°. 
Max 3 kN swing phase 0.3 
kN at 1 Hz to 2Mc 
Taper junction metal ion output: 
 








 (2 Mc) 
 








 (2 Mc) 








3300 N to 10 Mc 
 Ion concentration / µg Jani et al. 
(1997) 12/14 proximal 10/12 proximal 10/12 distal 
Co  25 255 566 
Cr 7.5 88 165 
Ti <2.5 44 32 
CoCr heads  






2000 N at 5Hz to 1.3  Mc 
Co concentration 
0.3 Mc : 688 
0.75 Mc: 440 
0.95 Mc: 2036 
Goldberg et 
al. (1997) 
28 (+10.5mm) CoCr 
heads  
Ti-6Al-4V  and CoCr 
necks  
Taper Environment: 
 0.9% NaCl 
 
Loading: 
0.3-3 kN at 10Hz to 5Mc 
(Ti) and 10 Mc (CoCr) 
 Ti CoCr Nambu et al. 
(2015) 













0.12 0.85 -0.1 0.06 0.89 0.29 
26 mm SS (ASTM 
F138-13) heads  
 
SS stems (ASTM 
F138, n=5)  
 
Ti-6Al-4V stems 
(ASTM F136, n=5) 
Taper Environment: 




0.3-3 kN at 5Hz to 10Mc 
Significant corrosive attack inside the head of the SS/SS, compared with 
SS/Ti  which showed non- significant fretting corrosion attack at the bore  
dos Santos 
et al. (2016) 
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5.5.3 Preliminary evaluations  
To determine the fluid to be used in the taper microenvironment, two experiments were 
performed. The first was to carry out an evaluation of Fenton reagent by culturing 
macrophages onto polished CoCr discs. The second evaluation was carried out on the hip 
simulator with FeCl3, acidified PBS and 25 % serum in and around the taper junction which 
was isolated from the bearing surface fluid by the manufactured silicon gaiter. PBS was 
chosen as the physiological saline solution because it has been used in previous studies 
(Table 5-2), was readily available and does not contain calcium and phosphate ions. The 
precipitation of calcium phosphate from physiological fluids has been reported to protect 
CoCr from passive dissolution (Lewis et al., 2006).  The dissolution of FeCl3 in ultrapure 
distilled and deionised water (resistivity 18.0 MΩ.cm) resulted in a pH of 0.95. PBS was 
acidified to a pH of 1.67 by serial addition of HCl. Therefore, the FeCl3 and PBS [H+] 
solutions were chosen to create an aggressive environment which would accelerate the 
corrosive attack (5.4.1). 
5.5.3.1 Study 1: Macrophage culture on polished CoCr discs  
Human monocytes cell line U937 cells were seeded onto a 24.1 mm diameter polished 
CoCr disc. The cells were differentiated to macrophages by 50 nM PMA (Phorbol myristate 
acetate) and the well was filled with 5 ml of medium. The culture was left at 37°C, 5% CO2 
for 48 hours to achieve confluence. After 48 hours, the medium containing PMA was 
changed to standard medium and the disc was left for a further 7 days. The disc was rinsed 
with PBS to ensure that any cells not adhered would be removed from the surface; 
subsequently, the cells were fixed and stained with 555 Phalloidin and H33352 
(ThermoFisher Scientific, UK). Images of the disc under a laser scanning confocal 
microscope (Leica TCS SP2) showed that the cells had adhered to the disc surface (Figure 
5-16). 
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Figure 5-16 Confocal microscope image showing H33352 and 555 Phalloidin uptake on fixed cells  
After confirming that the cells adhered to the disc, a further test was carried out to 
measure the effect of attached macrophages on the Co ion release in the medium. Cells 
were seeded onto 2 polished CoCr discs, with 3 controls namely an identical disc without 
cells seeded (only the CoCr disc in medium), a well containing seeded cells in medium and 
medium only. Media was changed at 2 time points and stored for Co ion release 
measurements on the GFAAS (2.4.1). The first sample point for ion concentration 
measurement was taken after the medium containing PMA had been removed. The 2nd time 
point was taken after a period of 7 days when the medium was changed. The 3rd time point 
was after 14 days. The medium with the cells was collected and spun at 2000 rpm to allow 
any ingested ions to be released into the supernatant.  
After the study, the discs were imaged using SEM (Inspect F, FEI, Eindhoven, NL) 
coupled with energy dispersive X-ray analysis (EDX) (INCA Energy 350, Oxford Instruments, 
Oxfordshire, UK) to identify any cell induced corrosive features. 
5.5.3.1.1 Results  
All 3 control conditions evaluated had a cobalt release which was less than the detection 
limit of the instrument (5 ppb). The cobalt ion release from seeding the disc with 
macrophages was 11.2 ppb.  
  
(a) (b) 
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5.5.3.2 Study 2: Hip simulator evaluation of taper fluids  
6 40 (+0) mm CoCr heads on Ti-6Al-4V trunnions were assembled and run on the orbital 
hip simulator for 160 000 cycles. 3 fluids were evaluated: FeCl3 (n=2, pH 0.95), PBS [H+] 
(n=2, pH 1.67) and 25 % serum (n=2).  
Prior to the impaction of the head on the trunnion, 0.5 ml of each fluid was injected into 
the head taper with a silicone isolation chamber already attached to the basal rim of the 
femoral head and the taper was mated in an inverted position. Subsequently, the head was 
impacted on the trunnion using a femoral impactor and hammer. The distal end of the 
silicone chamber was sealed by bolting onto the adaptable trunnion base. The isolation 
chamber was filled with approximately 5 ml of the same fluid in the taper so that 2 head 
taper-trunnion assemblies each had FeCl3, PBS [H+] and 25 % serum (1 % w/v sodium 
azide)  in and around the taper. All 6 assemblies were run using 500 ml of 25 % serum (1 % 
w/v sodium azide) as the bearing surface lubricant. The hip simulator was stopped after    
100 000 cycles and 2 ml of fluid was taken out of the isolation chamber for ion analysis. This 
was replaced with approximately the same amount of fluid. The test was stopped after 160 
000 cycles which constituted another time point for ion analysis using GFAAS (2.4.1).  
5.5.3.2.1 Results  
The concentration of fluids reported is the total concentration of taper fluid and 
surrounding chamber. Comparatively, when the FeCl3 and PBS [H+] were used in the taper 
microenvironment on the hip simulator, the Co released was at least 2 orders of magnitude 
higher than the 25% serum and cell culture conditions. The difference between Co release in 
FeCl3 and PBS [H+] was not statistically significant either at 100 000 cycles or the end of 
testing (Table 5-3). 
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Table 5-3 Cumulative Co concentration in taper microenvironment (mean ± stdev),  † one of the two 
taper junctions with FeCl3 underwent fatigue failure at 122 000 cycles 
 Co concentration / ppb 














 100 000 10267 ± 14293 27.5 ± 0.07 2405 ± 40 
160 000 28832 ± 32113† 54.1 ± 0.49 43529 ±1249 
 
Although confocal imaging showed that the cells had adhered to the disc (Figure 5-16), 
SEM images did not reveal etched features representative of a cell’s morphology (Figure 
5-17). Also, EDX analysis showed that on the polished surface, no Fe was detected. 
However, on the edges (not polished), Fe was detected in small amounts (Figure 5-17). 
 








Figure 5-17 SEM images of CoCr disc after the end of the cell culture study and EDX analysis of the 
unpolished region showing small amounts of Fe 
 




on the disc 





The results from the cell culture study were comparable to a static dissolution study 
performed by Royle (2012) without the use of cells where the mean Co release in serum 
over 7 days was less than 10ppb. SEM analysis did not show signs of the cells’ morphology 
etched onto the polished surface as reported by Gilbert et al. (2015b) and Cerquiglini et al. 
(2016). Gilbert and colleagues attributed the presence of Fe nodules on the retrieved 
devices to the cell corrosion process (Cerquiglini et al., 2016, Gilbert et al., 2015); although 
Fe was detected in small amounts in the unpolished region of the disc, it could be an artefact 
of the manufacturing process. The cobalt concentration released into the cell medium is 
considerably less than the taper and chamber fluid concentrations from the hip simulator 
evaluation. Further, since the report by Gilbert et al. (2015b), Aldinger and Pawar (2017) 
have attributed the supposed cell corrosion features to electrosurgery. Of the 3 fluids 
evaluated on the hip simulator, the highest concentration of Co ions around the taper 
microenvironment at the end of the test (160 000 cycles) was measured in acidified PBS.  
 
  





It was concluded that the experimental evaluation should combine 2 contact conditions 
with 2 peak surface roughness values to yield 4 taper test conditions: 
i. 5° head tapers with  rough 5° trunnions  (XER) 
ii. 5° head tapers with  smooth 5° trunnions  (XES) 
iii. 5° head tapers with  rough 8° trunnions  (XDR) 
iv. 5° head tapers with  smooth 8° trunnions  (XDS) 
Test samples evaluated subsequently, were identified with the suffix ER and ES for 
rough and smooth proximally contacting trunnions respectively and DR and DS for rough 
and smooth distally contacting trunnions respectively. 
All taper assemblies will be tested in a fluid environment containing acidified PBS 
isolated in a silicone bellow designed with sampling ports to allow for the monitoring of ion 






Chapter 6. Experimental evaluation of ion release 
from taper junctions 
6.1 Introduction  
Corrosion mechanisms which may be initiated at the taper junction include galvanic, 
crevice, dissolution or mechanically assisted crevice corrosion (MACC) (Espallargas et al., 
2015, Cooper et al., 2012a). The result is the release of ionic and particulate species; 
although it has been suggested that galvanic corrosion is not a primary mechanism for ion 
release in a taper junction with dissimilar metals (Levine et al., 2013).  
The presence of metal ions is used in conjunction with other symptoms such as 
unexplained pain, a thickened pseudocapsule, bone marrow oedema, or muscular 
insufficiency to diagnose MACC of taper junctions (McGrory et al., 2017, Cooper et al., 
2012a). Accordingly, a cobalt concentration of more than 1 ppb has been suggested as a 
threshold for confirming MACC along with a ratio of Co to Cr which is greater than 1 
(McGrory et al., 2017). Although, Co and Cr concentrations can be used to indicate taper 
corrosion, the measures do not correctly predict the severity of MACC nor soft tissue 
destruction (McGrory et al., 2017). The release of Ti ions does not initiate aggressive 
reactions hence, it is not often clinically evaluated to evaluate taper corrosion (Cross et al., 
2017).  
There have been reports suggesting that taper junction design will influence the 
occurrence and observation of taper corrosion (Collier et al., 1992). Therefore, the 
measurement of metal ions released from the taper junction in a laboratory setting from 
different taper junction designs could identify susceptible designs prior to implantation. Also, 
the effect of variables of taper junction design on metal ion release could be evaluated.  In 




taper junctions with MoM bearings, the Co ions released from the taper junction were 2 
orders of magnitude lower than the bearing (Pamu et al., 2012). However, such an 
evaluation has not been carried out on MoP devices which constitute over 50 % of primary 
THR devices implanted (National Joint Registry of England, 2016).  
The aim of this study was to investigate the ion release from CoCr/Ti taper junctions on 
an orbital hip simulator with metal-on-polyethylene bearings. The use of the designed 
silicone chamber (Chapter 5) to encapsulate the junction ensured that the taper products 
were not influenced by release from the bearing surface. 
6.2 Materials and Methods  
6.2.1 Hip simulator testing  
Prior to testing, all test components: CoCr femoral heads, HXLPE liners, Ti-6Al-4V 
acetabular shells and Ti-6Al-4V trunnion inserts were cleaned according to in ISO 14242-2 
(2000). The silicone chamber was ultrasonicated in detergent and ultrapure distilled and 
deionised water whilst the adaptable taper bases were cleaned with detergent and ultrapure 
water. All components were dried using a jet of nitrogen gas.   
17 taper assemblies were evaluated; the sample characteristics are given in Table 6-1; 2 
head offsets were required to correctly locate the head centre to the centre of rotation of the 
hip simulator. In the assembly of the taper (Figure 6-3), the female taper was filled with     
0.5 ml of acidified PBS (pH 1.7) hereafter referred to as the internal taper fluid. The taper 
was locked in an inverted position by hand by the application of pressure to the bottom 
surface of the adaptable taper base and the femoral head. Subsequently, the taper 
assembly was impacted with 5 standard blows using a hammer and femoral head impactor. 
The taper environment was isolated as described in Chapter 5, with the silicone chamber 
containing 5 ml of acidified PBS (pH 1.7).  The fluid around the taper is hereafter referred to 




as the external taper fluid. Half of the external taper fluid was sampled daily (on average 
every 70 000 cycles) and an equal volume of fresh PBS [H+] was replaced. As mentioned in 
5.4.1 and 5.5.3, the very acidic saline was chosen because of increased susceptibility of 
CoCr to pH lower than 3; likewise the pH inside taper junctions has been reported to be as 
low as 1. Therefore, the pH used in the current test could create an aggressive taper 
environment since. The bearing surface was lubricated with 25 % bovine serum with sodium 
azide to prevent microbial contamination. The bearing lubricant was not changed throughout 
the duration of the test. To replenish the fluid lost due to evaporation, the bearing lubricant 
was topped up with ultrapure distilled and deionised water (resistivity, 18.0 MΩ.cm) every 8 
hours.  
Tests were run to 0.5 Mc except where the taper failed before this time point.   
Table 6-1 Characteristics of samples evaluated on the hip simulator; Rough: Rz 16 + 3 µm, Smooth: Rz 
6 + 3 µm, all heads were CoCr 
Sample ID 
Features 

































Figure 6-1 A smooth 5° trunnion and a smooth 8° trunnion 
 
Figure 6-2 A rough 8° trunnion and a smooth 8° trunnion 
  






                            
     
Figure 6-3 Assembly of taper prior to experimental evaluation (a) assembled trunnion insert and base, 
(b) inverted femoral head containing internal taper fluid, (c) head-trunnion assembly with silicone 
chamber for the external fluid (black circle drawn to block light reflection), (d)Schematic of (c), (e) Final 





the external taper 
fluid  
Femoral 
head    
Acetal chamber 
to hold bearing 
fluid  
Bolting plate 
with 6 M4 
screws    
Ti-6Al-4V 
trunnion    
PTFE coated 






taper fluid  
(d) 




6.2.2 Surface Analysis  
6.2.2.1 Macroscopic imaging  
A handheld USB microscope (VMS-004 Discovery Series 400x, Veho, Hampshire, UK) 
was used to image the male and female taper surfaces.  
The taper surfaces were imaged after testing, prior to and after subjecting them to a 
cleaning protocol in ISO 14242-2 (2000) (see Appendix A.5). The components were 
subsequently imaged on the SEM. 
6.2.2.2 Scanning electron microscopy of the male and female tapers 
SEM (Inspect F, FEI, Eindhoven, NL) with energy dispersive X-ray analysis (EDX) 
(INCA Energy 350, Oxford Instruments, Oxfordshire, UK) was used to image the male and 
female taper surfaces and to identify elemental composition of features observed. An 
accelerating voltage of 20.0 keV was used and the working distance was set to 10 mm.  
The heads were inverted to have a partial view of the female taper surface and to 
identify interesting surface features. This was achieved by placing a femoral head in a 
sample specimen cup (cylinder holder) in an inverted position and tilted at an angle to allow 
viewing of the surface of the head taper bore. Surface features on the trunnions were also 
imaged. Each trunnion was imaged by placing it horizontally on a carbon adhesive disc 
which was adhered to an SEM stub.  
6.2.3 Metal ion measurement  
The Co ions in the bearing lubricant (serum), isolation chamber environment and taper 
fluid as well as the Cr ions released into the isolation chamber environment and internal and 
external taper fluid  were measured using graphite furnace atomic absorption spectrometry 
(GFAAS) (2.4.1) (SpectrAA 220FS atomic absorption spectrometer with a GTA-110 




autosampler, Varian, Oxfordshire, UK). All GFAAS measurements were performed using 
pyrolytically coated graphite partition tubes (Agilent, California, US). 
Metal concentrations were measured in the serum and internal taper fluid at the end of 
the test in addition to the external taper fluid samples taken at intervals described in 6.2.1.  
6.2.4 Data Analysis  
Statistical analysis was performed using a two-tailed student’s t-test; significance was set 
at p<0.05. 
6.3 Results  
12 of the 17 samples tested on the hip simulator experienced fatigue failure (Table 6-2) 
at the left hand M6 thread before 0.5 Mc despite the incorporation of the undercut feature 
described in Chapter 5, Figure 5-13. 4 of the 5 samples which remained intact were 5° 
proximally contacting tapers. One 8° distally contacting taper was evaluated for more than 
0.5 Mc; fatigue failure of this sample occurred after 0.8 Mc. On average the 5° tapers failed 
100 000 cycles after the 8° tapers; however, the difference was not statistically significant (p 
= 0.3). When the contact conditions were disregarded, the smooth trunnions (Rz = 6 + 3 µm) 
failed significantly earlier than the rough trunnions (Rz = 16 + 3 µm) (p < 0.001). 
  













































6.3.1 Macroscopic features 
Following testing, it was observed that the 5° trunnion combinations showed more signs 
of damage than the 8° combinations. Macroscopically, corrosion was identified as 
discolouration of interfacing taper components or deposition of dark deposits at the taper 
interface. Some features were observed after the taper was disassembled including: 
i. Discolouration or black deposits on femoral heads  
ii. White deposits and burnishing marks on trunnions 
Also, imprint of rough trunnions onto femoral heads was observed; where imprinting 
occurred on the femoral heads, it was used to confirm the proximal and distal engagement of 
the 5° and 8° combinations respectively (Figure 6-4). The engagement position of the 5° 
trunnions was inside the taper bore at approximately a third of the length (Figure 6-4a). In 
comparison, the distal trunnions showed that the position of taper engagement was at the 
entrance of the taper junction adjacent to the rim of the femoral head (Figure 6-4b) 
 
Figure 6-4 Taper engagement positon on (a) a head paired with a 5 ° trunnion in proximal contact and 








6.3.1.1 Corrosion features on femoral heads 
The observation of black deposits on the femoral heads as well as discolouration was 
associated with the corrosion process. These features were most prominent in the region 
over which the trunnion engaged with the femoral heads. Where rough trunnions had been 
used, regardless of the location of contact (proximal or distal), the corrosion features were 
seen in the grooves created by imprinting of the trunnion onto the femoral head (Figure 
6-4b). The occurrence of the black deposits was also seen in the fillet at the base of the 
femoral head taper bore (Figure 6-5 c and d). Imaging of the femoral heads after cleaning 
showed that the features persisted (Figure 6-5 e and f). 
 
Figure 6-5 Corrosion features observed on femoral heads paired with rough trunnions (a and b) and 
smooth trunnions (c and d) prior to cleaning; figures e and f show the persistence of corrosion features 












6.3.1.2 Burnishing and white deposits on trunnions  
Discolouration was also observed on the trunnions; these features were identified as 
burnishing marks. The burnishing marks were accompanied by white deposits on rough 
trunnions; these deposits were seemingly located in the grooves (Figure 6-6). Their location 
correlated with the position of taper engagement; hence, they were either located proximally 
on the 5° trunnions (Figure 6-6a) or distally on the 8° trunnions (Figure 6-6b). On the smooth 
trunnions, the white deposits occurred together with burnishing or alone (Figure 6-7). Also, it 
was observed that on the proximal tapers the location of the white deposits varied, with the 
furthest located at 8 mm from the top of the trunnion (Figure 6-8). This suggested a larger 
range of engagement positions than the distal tapers which consistently engaged at the most 
distal part of the trunnion which was also the widest. Further, subjecting the components to 
cleaning did not eliminate the white deposits. 
                                        
Figure 6-6 Discolouration and deposition of a whitish substance on (a) rough 5° trunnion (2ER) (b) 










                              
Figure 6-7 (a) Burnishing on a smooth 8° trunnion (7DS), white deposits seen on (b) a smooth 5° 
trunnion (6ES) prior to cleaning and (c) the same trunnion after cleaning 
           
Figure 6-8 (a) a smooth 5° trunnion (6ES) with white deposits 5mm from the top (b) a smooth 5° 











6.3.2 Microscopic evaluation  
Imprinting of the rougher Ti alloy trunnion surface on the femoral head taper was clearly 
visible in the SEM images (Figure 6-9). Deformation of the peaks occurred in two ways 
where the peak was either inverted (Figure 6-10) or it was flattened (Figure 6-11); some 
trunnions showed both (Figure 6-10 and Figure 6-12). It was difficult to ascertain if the 
deformation occurred during taper impaction or disassembly. 
 
Figure 6-9 SEM image of a femoral head paired with a rough trunnion showing the original machining 
mark as well as the imprinting of the rough trunnion  
Original 
machining marks 
on head taper  
Imprinted 
marks of the 
rough 
trunnion   





Figure 6-10 SEM image of inverted peak on a rough 8° trunnion (4DR) and schematic of feature 
 
Figure 6-11 Flattened peak on a smooth 8° trunnion (7DS) 




inverted peak  





Figure 6-12 inverted peak with flattened features on a rough 5° trunnion (3ER) 
 









Figure 6-14 Flattened peak on a smooth 5° trunnion (8ES) 
Material deposition was also observed regardless of trunnion angles and surface finish. 
The deposits were confined to the titanium alloy trunnions and were often found either side 
of peaks (Figure 6-15a and b) or between successive peaks (Figure 6-15c). Elemental 
mapping of the trunnions showed that the deposits were composed of Cr, P, O and 
occasionally K or Ca (Figure 6-16 and Figure 6-17).   
 
Figure 6-15 Deposits seen on trunnions tested (a) 7DS= smooth 8° trunnion, (b) 4DR = rough 8° 




(a) (b) (c) 




          
 
Figure 6-16 Elemental mapping of deposits on a smooth 8° distally contacting trunnion; sample ID - 
5DS   
 













Figure 6-17 Elemental mapping of deposits on a rough 5° proximally contacting trunnion; sample ID - 
1ER 
Further, the SEM images revealed features suggestive of pitting on the trunnions; these 
features were located between successive ridges on trunnions with both smooth and rough 
surface finishes (Figure 6-18). These pit-like features were also observed on the femoral 
head tapers as well as fretting marks (Figure 6-19 and Figure 6-20). Fretting was identified 
as parallel marks along the taper axis. In addition, features indicative of etching were 
observed on the femoral head which was evaluated for the longest time period (0.8 Mc), 
wherein considerable surface damage was observed and machining marks were no longer 
visible at the entry of the taper junction distal to where the paired trunnion would have 
engaged (Figure 6-20). Finally, EDX analysis of an area on a femoral head where the 
trunnion is thought to have imprinted on the head taper, confirmed the transfer of Ti onto the 
femoral head (Figure 6-21).  




          
Figure 6-18 SEM images showing pits between successive peaks (numbered on the image) on (a) a 
rough trunnion (4DR) (b) a smooth trunnion (7DS) 
          













Figure 6-20 Fretting and surface damage on a femoral head; parallel marks along the taper axis 
suggestive of fretting (white arrow) and surface damage (rectangle) showing discontinuity in machining 
lines   
Proximal direction 
towards the closed 
end of the head 
taper bore 




        
Figure 6-21 (a) SEM image of imprinted trunnion on the femoral head taper (b) EDX of the image in (a) 
confirming Ti transfer 
(a) 
(b) 
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6.3.3 Co and Cr ion release results 
The ion release results were presented as cumulative values of Co and Cr release as 
well as an evaluation of the Co to Cr ratios (Co/Cr ratio). In presenting this, the ratio of the 
base alloy and a threshold value of 1 were highlighted. This threshold value represents the 
minimum value beyond which there is an elevation of Co over Cr; this is a feature thought to 
be indicative of a corroding taper (Plummer et al., 2016, Nodzo et al., 2017, McGrory et al., 
2017). 
6.3.3.1 Cumulative ion release in external taper fluids 
The concentrations of ions measured on the GFAAS were corrected for serial dilutions 
due to fluid sampling. Sampling half of the fluid corresponded to a dilution factor of 2 and 
successive dilutions yielded a dilution factor of 2n; where n was the number of times the 
initial fluid volume had been diluted (Appendix A.3). 
Taking into account the gradient of the cumulative ion release profiles, the median Cr 
release rate into the external taper fluid for the proximally contacting tapers was 0.06295 
(range: 0.0065 – 0.1306) ppb/cycle (Figure 6-22) and the median Co release rate 0.0118 
(range: 0.0071 – 0.0648) ppb/cycle (Figure 6-23). Whereas, for distally contacting tapers, the 
median Cr release rate into the external taper fluid for the distally contacting tapers was 
0.022 (range: 0.0005 – 0.0802) ppb/cycle (Figure 6-24) and the median Co release rate in 
the same set of tapers was 0.0109 (range: 0.0009 – 0.0331) ppb/cycle (Figure 6-25).  
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6.3.3.2 Proximal contact 
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Trunnion 2ER with the highest cumulative Cr released was found to have black deposits 
in the samples taken from the external taper fluid (Figure 6-26). 
 
Figure 6-26 Fluid collected from the taper environment on samples 2ER with a rough 5 ° trunnion 
showing black deposits 
 
6.3.3.4 Comparison of ion release in internal and external taper fluids 
and bearing lubricant  
To compare across the different fluid volumes used in the current study, the 
concentrations were converted to volume of ions. A greater volume of Co than Cr was 
released into the head taper for both 5 and 8° trunnions. This was significant for both 
trunnion angles (p<0.05). Considering the effect of trunnion surface texture on the volume of 
Co and Cr released into the internal taper fluid, there was no statistically significant 
difference between the rough and smooth trunnions for both 5° proximal and 8° distal 
contact conditions (Figure 6-27). The increase in the volume of Co and Cr released in the 
internal taper fluid for the 8° trunnions relative to the 5° trunnion was attributed to the larger 
surface area of the head taper exposed to the taper fluid in the 8° trunnion combinations as 


























Figure 6-27 Volume of cobalt and chromium ions released in the internal taper fluid 
 
The volume of cobalt released into the external taper fluid was greater than in the 
internal taper and bearing fluids in the 5° trunnion condition (Table 6-3). In comparison, the 
8° trunnions showed higher cobalt release in the bearing relative to the external taper fluid; 
relative to the internal taper fluid, the bearing fluid had more cobalt for the rough trunnions 
but less cobalt for the smooth trunnions. The volume of Cr released into the external taper 
fluid was consistently higher than the internal taper fluid regardless of surface texture and 
trunnion angle (Table 6-3). 
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Table 6-3 Comparison of mean volume of ions released between the bearing fluid (at the end of the 
test), internal (at the end of the test) and external taper fluids (cumulative value)  














Rough 0.30 2.03 3.00 1.10 2.40 3.10 
Smooth 0.51 2.77 2.40 1.50 0.84 1.70 










Rough 0.06 12.9  0.27 2.56 
Smooth 0.04 10.4  0.57 2.97 
 
6.3.3.5 Co/Cr ratios 
The Co/Cr ratio varied in the external taper environment over the duration of testing in 
both proximal and distal taper contact conditions (Figure 6-28 and Figure 6-29). With respect 
to the distal (8°) tapers, the fluid samples evaluated were equally distributed between a ratio 
greater than 1 and less than 1 (Figure 6-29). In contrast, over the duration of hip simulator 
testing in the proximal contact (5°) condition, over 80 % of fluid samples evaluated had a 
Co/Cr ratio of 1 or lower (Figure 6-28). 




Figure 6-28 Variation of Co/Cr ratio in external taper fluid samples taking over the duration of testing in 
the hip simulator for proximally contacting 5° tapers; in figure legend, R represents rough trunnions, S 
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Figure 6-29 Variation of Co/Cr ratio in external taper fluid samples taking over the duration of testing in 
the hip simulator for distally contacting 8° tapers; in figure legend, R represents rough trunnions, S 
represents smooth trunnions 
The surface topography of the trunnion had no significant effect (p >0.05) on the ratio of 
























5DS 7DS Taper corrosion threshold
Min Co/Cr ratio of base alloy Max Co/Cr ratio of base alloy
2




Figure 6-30 Effect of trunnion surface texture on the Co/Cr ratio; internal taper fluids represent samples 
collected after hip simulator testing and external taper fluid values are the median Co/Cr ratios across 
the sampling time points throughout the duration of testing 
When the surface texture was disregarded and both smooth and rough trunnions were 
grouped together, the lowest mean ratio of cobalt to chromium was measured in the 
proximal external taper fluid. The mean value was less than the base alloy and the threshold 
value of 1. Comparatively, the mean ratio in the proximal internal taper fluid was the highest 
but also exhibited the largest variability. Considering the external taper fluids, the mean 
Co/Cr ratio was significantly higher around distal tapers than proximal; also, the mean value 
was greater than 1 but less than the ratio of Co to Cr in the base alloy. Regardless of the 
contact conditions, all internal taper fluid samples had a Co/Cr ratio greater than the base 
alloy (Figure 6-31).  
 




Figure 6-31 Graph showing Co/Cr ratio for the internal and external taper fluids on both proximal and 
distal contact conditions (rough and smooth)  (* p<0.05) with annotated values for the Co/Cr of the base 
alloy for the femoral heads and reported clinical threshold for corroding taper 
  




This study is the first to evaluate the ions released from taper junctions utilising MoP 
articulations on a hip simulator. The effects of trunnion surface topography, location of taper 
contact and the location of taper fluid (internal or external) on Co and Cr release were also 
analysed.  
Despite the short tests conducted significant amounts of Co and Cr were released around 
the fluid surrounding the taper. Previously in the literature, much longer periods have been 
reported; Li et al. (2015) reported corrosion features after 45 Mc. The taper junctions 
experienced fretting on the hip simulator and the use of saline with a low pH appeared to 
have resulted in etching and pitting of the surfaces although the etching was only observed 
in the longest running sample (3DR). These features have been observed in explants 
(Figure 6-32).  
     
Figure 6-32 Images of some corrosion features reported in the literature (a) Pitting and fretting on a 
femoral head (Kocagöz et al., 2013) (b) Pitting in retrievals of corroded surface of CoCr alloy (Alemón et 
al., 2015) (c) Fretting damage on a Ti-6Al-4V taper (Kurtz et al., 2013) 
In addition to visual features, the detection of a combination of chemical compounds has 
been used to confirm the occurrence of corrosion (Munir et al., 2016). The occurrence of Cr, 
P and O as indicated in the elemental mapping analysis of the deposits found on the 
trunnions, could be associated with CrPO4 which has been reported to be a particulate 
corrosion product. However, when it is observed around corroded tapers, it is seen as green 
deposits (Urban et al., 1994, Jacobs et al., 1998). Green deposits were not observed on any 
(a) (b) (c) 
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of the components evaluated on the hip simulator. This may be because chromium 
phosphate is soluble in acids which would prevent precipitation.  
The observation of white deposits was associated with the formation of TiO2. Willert et al. 
(1996) report white deposits thought to be titanium corrosion deposits. EDX analysis could 
not be used to confirm the compound because if CrPO4 was indeed present, it would result 
in a conflict in identifying the source of the oxygen. The presence of the white deposits was 
restricted to the suspected engagement position of the tapers; this reinforces that the hip 
simulator motion is able to generate fretting at the taper junction because the compound is 
formed in response to cyclic motion (Munir et al., 2016). Further, EDX spectrum of a feature 
suspected to be imprints conferred by a rough titanium trunnion on a femoral head in Figure 
6-21a showed Ti peaks; this reinforced the report by Moharrami et al. (2013) that the softer 
Titanium alloy is able to abrade the CoCr alloy because its oxide is harder than the oxide of 
CoCr.  
6.4.1 Comparison of internal taper, external taper and bearing 
fluids 
In acidic conditions, Cr is preferentially released; Dufils et al. (2015) showed that relative 
to neutral conditions (pH 7.6), the concentration of Co released increased by 2 folds in acidic 
conditions (pH 4.5) whilst Cr release quadrupled thus reducing the Co/Cr ratio from 4.5 to 
1.8. The cumulative ion release results (Figure 6-22 - Figure 6-25) show that Cr was indeed 
released at an increased rate relative to Co for both proximal and distal contact conditions; 
the median Cr release rate for proximal trunnions was 5 times more, whilst median Cr 
release rate was 2 times that of Co for distal trunnions. 
The current work showed that the volume of cobalt released from the taper in an acidic 
environment could be more than the bearing surface (Table 6-3). This is in contrast to the 
result obtained by Pamu et al. (2012) which showed that the volume of ions released into the 
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LHMoM bearing lubricant was at least 24 times greater than the volume of ions from the 
taper after 2 Mc of hip simulator testing. The volume of Cr in the bearing lubricant was not 
measured because the fluid was in contact with stainless steel fixtures that may have been 
sources of Cr release. However, these fixtures were not in contact with the taper fluids. 
The volume of Co released in the internal taper fluid was less than the external taper 
fluid with the exception of the smooth 8° trunnions (Table 6-3). Replenishing the external 
taper fluid following sampling would have increased the oxygen content whereas the internal 
taper fluid would not have this renewed oxygen. However, the distally contacting tapers also 
had the fluid replenished but the trend was not observed for the smooth 8° trunnions which 
had less cobalt in the external taper fluid than internal. Although it is possible that the volume 
of Co could have been higher, but failure of the isolation chamber released some of the 
cobalt volume in the external taper fluid into the bearing surface lubricant. However, this 
would have been restricted to the last time point and would suggest that the smooth 8° 
trunnions were particularly more susceptible to this; it is not certain why this would have 
been. The effect of oxygen is also apparent in the observation of elevated volume of Cr 
released in the external taper fluid as compared to the internal taper fluid. It is likely that as 
the acidic environment was encouraging the breakdown of the Cr2O3 passive layer, the 
presence of oxygen continuously facilitated attempts at repassivation. However, the 
persistent acidity would act to continuously breakdown the reformed layer thus increasing 
the chromium measured.  
The considerably elevated level of Cr in the external taper fluid of the proximal tapers 
relative to the distal tapers may have occurred due to the presence of a crevice in the 
former. In the proximal contact condition, the engagement position was approximately 5 mm 
from the top of the trunnion (although it was 8 mm on sample 8ES). Consequently, for a 13.5 
mm long trunnion, a 9 mm crevice extends from the position of taper engagement to the 
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opening of the taper junction (Figure 6-33). Therefore, fluid ingress into the crevice may 
have occurred and the movement of the agitation of the external taper fluid due to the hip 
simulator motion would facilitate mixing of the highly concentrated crevice fluid with the 
external taper fluid. It is known that mass transport facilitates the corrosion process (Shreir, 
1976). Conversely, the 8° trunnions engaged at the opening of the taper junction thus 
preventing the formation of any crevices at the junction (Figure 6-33). This suggestion is 
reinforced by the observation by Grostefon and Nelson (2017) that ingress into a crevice-like 
environment is crucial to a corroding taper. The implication of this result is to infer that in 
evaluating the performance of a taper junction as it relates to corrosion and ion release, Cr 
should be the distinguishing factor. Crucially, a distally contacting taper construct might open 
up to allow fluid ingress under other activities of daily living such as stair climb where 
toggling could occur. However stair climb was not evaluated in the current experimental 
study.   
 
Figure 6-33 Crevice length relative to trunnion length in proximal taper contact 
In evaluating the ion release from the taper junction, the experiment was run at room 
temperature. The human body maintains a steady temperature of 37°C and temperatures 
greater than 42 °C have been measured during gait (Kung et al., 2015). Corrosion rates 
have been reported to increase at elevated temperatures (Fontana, 2005). However, a large 
part of a THR is metallic (at least the femoral stem) which is able to dissipate heat and the 
Mouth of 
taper junction   
Trunnion 
length    Crevice 
length   
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use of a constant elevated temperature in the current study,  could have overestimated the 
effect of temperature (Kung et al., 2015).  
6.4.2 Co/Cr ratios 
The results from the current study showed that there was a marked increase in the 
release of Cr over Co in samples where crevice corrosion was suspected to have been 
occurring. This is in apparent contradiction with reports of a disproportionate elevation of Co 
over Cr in taper corrosion (McGrory and McKenney, 2016). However, the conclusions or 
trend associated with Co/Cr ratio is not consistent. In vivo samples from patients with hip 
resurfacing and total hip replacements have shown to have Co/Cr ratios less than and 
greater than 1 from bearing surface. Comparatively, hip simulator studies of MoM bearings 
have reported Co/Cr ratio between 2.2 and 3.1 (Royle, 2012). In an analysis of MoM and 
resurfacing explants, severely corroded tapers from MoM devices, showed the highest 
median Co/Cr ratio of 1.86 when whole blood samples were evaluated, although the 
resurfacing devices which have no tapers also had Co/Cr greater than 1 as did THR devices 
with corrosion scores of 2 and 3; although they were all significantly lower than the taper with 
severe corrosion (Hothi et al., 2016a).  
Although, all conditions evaluated were exposed to the same acidic fluid, the mean 
Co/Cr ratio was greater than 1 for the internal taper fluids in both the 5° proximal and 8° 
distal taper contact conditions and the external taper fluid for the distal 8° taper (Figure 
6-30). Further, relative to the percentage of constituent elements that make up the femoral 
head (Table 6-4), the Co to Cr ratio of the bulk alloy should range between 1.9 and 2.4. 
Therefore, the proportion of Cr released into the external taper fluid is higher than the bulk 
alloy at lower pH for 5° proximal tapers. It may be suggested that the same mechanism is 
occurring for all 3 conditions where the mean Co/Cr ratio is greater than 1.  
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Table 6-4 Chemical composition of femoral heads tested; data supplied by Corin Group plc 





















A suggestion that different mechanisms give rise to different Co/Cr ratios has been 
reported in the literature. Sidaginamale et al. (2016) showed that the size of debris resulted 
in a variation of median Co/Cr ratio between 0.4 and 3. However, the mean Co/Cr ratio of 
the internal taper fluids is significantly greater than the Co/Cr ratio of the external taper fluid 
of the 8° distal taper. This may have been modulated by the oxygen availability; an acidic 
environment would result in an unstable oxide layer which is eventually broken down 
resulting in Co release from the base alloy (Cartner et al., 2016). The absence of oxygen in 
the internal taper fluids would have prevented the chromium rich oxide layer from reforming 
as there is more cobalt in the base alloy than chromium, the ratio is more than 1.  In 
comparison, oxygen is available in the external taper fluid around the distal tapers which 
would encourage repassivation; it is apparent that there is a delicate balance of oxygen 
presence and acidic conditions in the corrosion process. The proposed explanation for this is 
that for the 5° contact condition which had more Cr released than Co, the presence of a 
crevice where there is already reduced pH would reduce the oxygen locally and unlike what 
occurs in the internal taper fluid where oxygen depletion prevents oxide reformation, the 
replenishment of fluid would add oxygen which could be transported by the movement of the 
simulator; this could initiate the continuous attempt at repassivation therefore releasing more 
Cr over Co. The continuous oxide layer damage would be expected to be exacerbated by 
the micromotion at the interface.  
6.4.3 Influence of trunnion surface topography 
Within the trunnion angles tested, there was no statistically significant difference in ion 
release between the rough and smooth trunnions. However, it was apparent that the 
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increased Rz provided more stability at the taper junction thus significantly prolonging the 
fatigue life of the rougher trunnions. The lack of correlation between ion release and trunnion 
surface topography, was in agreement with the retrieval analysis of 400 trunnions by Arnholt 
et al. (2015) where it was concluded that surface topography did not influence fretting and 
corrosion at the taper interface. The drawbacks associated with rough trunnions are related 
to the elevated localised stresses at the peaks with increased likelihood of oxide layer 
damage. Elevated stresses at peaks may only occur if the peaks fail to plastically deform. 
The results in 6.3.2 show that there was deformation at the peaks. Moreover, it is possible 
that in a highly acidic environment such as the one in the current study, the oxide layer on 
the femoral head would be compromised anyway regardless of the surface texture. 
Therefore, any benefits of a smoother trunnion would not be realised. The deformation of 
peaks has also been reported to result in areas of increased lattice defects which are more 
prone to corrosion (Lundberg et al., 2015); it is possible that the effect of this is more long 
term and could be observed over a longer time period than was evaluated in the current 
study. 
 
Figure 6-34 Schematic of variations in surface roughness profile of trunnions (a) showing a variaition in 
peak height and same pitch (b) showing variaitons in both peak height and pitch  
In designing the trunnions for the current study, trunnion roughness was specified as 
would be commercially, based on the Rz (Figure 6-34). Susceptibility to crevice corrosion is 
defined by a scaling factor which is related to the square of a crevice depth divided by its 
width (Van Citters et al., 2015). If the surface profile of the trunnions used in the current 
study is as shown in Figure 6-34, and assuming the depth is not a factor because there is no 
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smooth trunnions. Hence, despite the smaller peaks in the smoother trunnions, the 
propensity for crevice corrosion based on surface texture alone would be the same. If 
however, the profile of the smoother trunnions used in the current study is as depicted in 
Figure 6-34b, then the scaling factor would be greater in the ‘rougher’ trunnion thus 
increasing its susceptibility to corrosion. The fact that Rz2=Rz3 (Figure 6-34) but would result 
in different scaling factors, reflects the need for standardisation of roughness parameters 






Chapter 7. Final Discussion  
THR is one of the most successful orthopaedic surgery of the last decade (Affatato et al., 
2006). With the increasing life expectancy and obesity rates, the number of procedures is 
estimated to increase by 174%, 62% and 45% in the US, UK and Sweden by the year 2030 
relative to 2005 (Kurtz et al., 2007, National Joint Registry of England and Wales, 2005, 
Culliford et al., 2015, Nemes et al., 2014, Swedish Hip Arthroplasty Register, 2005). The 
increase in the number of THR patients will inevitably increase the number of people 
affected by taper corrosion. If it is symptomatic, it will result in the need for revision surgery 
which increases the cost of care at a time when healthcare costs are escalating (Wilson et 
al., 2008); if asymptomatic and diagnosed late, it results in poor outcomes due to extensive 
soft tissue damage (Cooper et al., 2012a, McGrory and McKenney, 2016) and ever higher 
costs.  
Although initially recognised as a problem in large headed metal-on-metal (LHMoM) 
devices (Cook et al., 2013, Scully and Teeny, 2013), the findings of the current study, 
increasing torque with head size, as well as the development of torques for MoP bearings 
comparable to MoM, suggests that this may also become a problem with larger diameter 
MoP devices. Indeed, there have been a number of reports of pseudotumour formation 
secondary to head-neck taper corrosion in MoP devices (Table 7-1). These reports started 
shortly after the LHMoM concerns arose in 2010 (Morlock, 2015), and cut across head sizes 
and offsets, taper types and trunnion material. It has been highlighted that peculiar features 
in the blood vessels of pseudotumours from MoP devices, encourage the accumulation of 
ions in the joint space (Eltit et al., 2017) and are associated with highly destructive lesions 
which elicit reactions worse than the reactions observed in MoM bearing combinations. 
Similarly, Nodzo et al. (2017) found the median volumes of pseudotumours with MoP was 
almost 3 times larger than associated with MoM resurfacing pseudotumours. It appears that, 
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adverse tissue reactions in MoP are potentially problematic and may start to become more 
prevalent in the coming years.  
Table 7-1 Retrieval studies reporting the incidence of ALTR in MoP devices (CoCr heads)  





Lindgren et al. (2011) 28 +4 TMZF V40 
Cooper et al. (2012a) 
 
28 to 36 
 







Walsh et al. (2012) 36 NR CoCr 12/14 
Mao et al. (2012) 32 NR TMZF V40 
Fricka et al. (2012) 36 NR CoCr 12/14  
Khair et al. (2013)** 36 -5 TMZF NR 
Clyburn (2013) 32 +4 TMZF V40 
Scully and Teeny 
(2013) 
32 +4 TMZF NR - 
Cook et al. (2013) 
40 
44 
0 TMZF V40 
Bisseling et al. (2013) 28 +10.5 Ti-6Al-7Nb 12/14 
Whitehouse et al. 
(2015) 




















Watanabe et al. (2015) 28 NR CoCr NR 




Manthe et al. (2016) 
32 
36 










Nodzo et al. (2017) 
 
28 to 36 
 









*some taper sizes and trunnion materials were inferred from Porter et al. (2014) based on the name of the 
femoral stem 
**components reported in the table are of the 2
nd
 revision surgery; details of the components of the initial 
revision were not given  
***precise Titanium alloy not stated  
NR not reported 
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Understanding the torque transmitted across the taper junction is important. Although 
methods reported in the literature describe a positive correlation with head size, the torque 
values quoted are not comparable across test setups (Figure 7-1). The torque values found 
in the current study ranged from 0.2 – 1.1 Nm which was lower than most studies reported. 
However, the friction generated at the bearing surface for the 28 mm head on the pendulum 
simulator (3.3.5) was comparable to the result reported by Brockett et al. (2007) utilising the 
same test facility (Figure 7-2). Torque measurements are subject to factors such as cup 
inclination, acetabular material, acetabular deformation, load, lubrication and the condition of 
the bearing surface, axis of measurement (Scholl et al., 2016a, Saikko, 2008), as well as 
differences in the mechanics of the testing device. The strain gauge measurement carried 
out in the current work, is most similar to the studies by Saikko (2008); both utilised a 23° 
biaxial rocking motion and a similar axis of measurement (taper axis). However, 
comparisons between (28 mm, 1 kN) (Saikko, 2008)  and 28 mm (+3.5 and +7 mm) at 1.25 
kN in the current study found lower torque values. This might be due to the floating bearing 
in the orbital bearing simulator being positioned superior to the cup holder, in order to 
facilitate alignment of the centres of the head and cup (Kurtz, 2010). This would allow 
passive movement in the M-L plane and A-P plane in comparison to a seemingly rigid 
acetabular setup utilised in (Saikko, 2008). This passive movement may have reduced the 
torque measured in the current study.  
  































































Figure 7-2 Comparison of the bearing surface friction measurements from the current study and a 
study by Brockett et al. (2007) 
Large friction from the bearing surface has been described as contributing to taper 
corrosion by increasing micromotion and causing large torques to be transmitted to the taper 
junction, thereby destabilising it (Langton et al., 2012, Toni et al., 2012, Dyrkacz et al., 
2013). However, measuring the bearing surface friction independent of the torque adjacent 
to the taper junction does not allow the contribution of friction to taper instability to be 
determined. Ideally, bearing friction and torque adjacent to the taper junction measurements 
would be taken simultaneously, however this has not been reported in the literature and 
indeed was not possible in the current work.  
The advantage of using a hip simulator to evaluate the performance of taper junctions 
was that torques were generated at the taper junction, in addition to bending moments as 
applied in the ASTM F1875 fretting test (3.4.3). Both the FE evaluation in the current study 
and the experimental ion release study indicated that micromotion occurs at the taper 
junction under loading. Indeed the magnitude of micromotion parallel to the taper surfaces 
recorded in the FE study was found to be similar to values reported from experimental 























Head size / mm 
Bearing surface friction (current study)
Bearing surface friction (Brockett et al)
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Load / N References 
 
CoCr/SS 25 3000 Gilbert et al. (2009) 
Ceramic*/Ti-6Al-4V 6 5340 Grupp et al. (2010) 
CoCr/CoCr 3 2300 
Jauch et al. (2011) 
CoCr/Ti-6Al-4V 4.5 
CoCr/CoCr 2 4000 Mali and Gilbert (2015) 
CoCr/TMZF 12.5 3200 
Swaminathan et al. (2015) 
CoCr/Ti-6Al-4V 6.6 
CoCr/Ti-6Al-4V 4.4 ± 0.12 3000 Current study 
*type of ceramic not specified 
The FE study modelled taper clearances up to 0.28° although anecdotally, the largest 
clinically relevant clearance declared by manufacturers is 0.2°. Results in Chapters 3 and 4 
indicated that larger head sizes resulted in an increase in torques being transmitted through 
the taper and also that increasing taper clearances increased the gap formed at the taper 
junction under loading. Therefore, it may be concluded that the use of larger heads should 
be controlled by tighter taper clearances, if the benefits of increased stability and reduced 
dislocation are to be fully exploited.  
The ions release results in the current study are representative of early conditions 
around the taper environment. The short time periods evaluated in this study are more 
representative of the early postoperative phase where inflammation is still occurring in an 
acidic environment (Posada et al., 2015, Chen et al., 2012). It has been previously 
suggested in MoM wear tests that 50 % of the total Co and Cr is released from these 
bearings over the initial 500 000 cycles (Royle, 2012). However, this has not been 
established for taper ion release; the only previous study evaluating the taper junction on the 
hip simulator (Pamu et al., 2012) showed that the ion release in Ringer’s solution continued 
to increase from 0 to 2 Mc without steady state conditions ever being reached. From the 
results generated in this study, it was not possible to establish any further details on whether 
a steady state was ever generated. 
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7.1 Understanding the experimental ion release at the taper 
junction  
MoP devices have been thought to be a more attractive bearing option due to their lower 
metal ion release compare to MoM (Tiusanen et al., 2013). However, the results in the 
current work indicate that considerable ion release will occur at the taper under acidic 
conditions. For the external taper fluid, the mean cumulative Co at the end of testing (0.5 Mc 
or the point of taper failure) for proximal and distal taper contact conditions, were 4.1 and 3.0 
ppm respectively, whilst for Cr, the ionic concentration it was 21.3 and 4.9 ppm respectively 
for the same conditions. To contextualise these results, mean Co and Cr concentrations of 
4.9 ppm and 2.1 ppm from synovial fluid samples have been recorded in hips at retrieval 
with MoP articulations (Eltit et al., 2017). The average volume of synovial fluid in 
asymptomatic hips is 2.7 ml (Moss et al., 1998). Considering the proximal and distal contact 
as a single population would result in a mean cumulative Co concentration of 3.5 ppm and a 
mean cumulative Cr concentration of 11.8 ppm; hence the mean cumulative concentrations 
measured in the current study can be adjusted for the synovial fluid volume, to suggest that 
the concentration of Co would be 6.4 ppm and for Cr, it would be 21.9 ppm. Relative to 2.7 
ml of joint fluid, in vitro Co ion release evaluations for roughened MoP bearings established 
maximum concentrations of 220 ppm released from the bearing surface after 5 Mc (de 
Villiers et al., 2015). Royle (2012) measured mean Co and Cr concentrations of 
approximately 9100 and 3100 ppm at 4 Mc from roughened MoM.  
The results in 6.4.1 suggested that in understanding taper corrosion through ion release, 
Cr is a more discriminating factor, in contrast to the apparent focus on cobalt release. This 
increased focus is probably due to the increased toxicity of Co2+ relative to Cr3+ (Catelas et 
al., 2003) and its increased solubility which makes it easier to measure systemically; also, 
the rate of Co production can be estimated because the rates of excretion and production 
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are equal (Cobb and Schmalzreid, 2006). Cobalt and chromium levels in THR patients are 
measured from whole blood or its derivatives such as serum, plasma or erythrocytes and 
urine (Daniel et al., 2007a, Tiusanen et al., 2013, Daniel et al., 2007b) and these values are 
recorded in the ppb range. Clinically, metal concentrations in the serum are not useful as a 
surrogate measure of systemic metal ion exposure (Daniel et al., 2007b) and can only be 
used as a predictor with moderate specificity and sensitivity (Vundelinckx et al., 2013). 
A Co/Cr ratio less than 1 (mean = 0.4) was observed in the external taper fluid of 
proximal tapers whilst the distal tapers had a mean Co/Cr ratio of 2.9 in the external taper 
fluid (Figure 6-31). The observation in the proximal tapers is in contrast to reports of a Co/Cr 
ratio in serum of greater than 1 being suggestive of a corroding taper (Plummer et al., 2016, 
Nodzo et al., 2017). The Co/Cr ratio does not provide an accurate understanding of ion 
release from taper junctions. Certainly, serum ion levels do not highlight the high 
concentrations found in tissues adjacent to the joint replacement. Relative to joint fluid 
samples, serum samples are between 1 and 3 orders of magnitude lower (Kwon et al., 2009, 
Catelas et al., 2003, Eltit et al., 2017). Serum measurements are more commonly used as 
samples because they are more easily obtained and analysed than joint fluids (Daniel et al., 
2007b, McGrory et al., 2017). Further, Figure 6-28 and Figure 6-29 show that the Co/Cr ratio 
was not always consistent across sampling points over the duration of testing. Synovial fluid 
is turned over daily (Levick and McDonald, 1995). In the experimental evaluation, new fluid 
was added daily. However, the entire fluid could not be replaced because it would have 
depleted the air in the chamber thus making it impossible to refill. Nonetheless, if the 
variation of Co/Cr ratio is a phenomenon that also occurs in vivo, then the time point where 
the patient sample is taken would impact the concentrations measured.  
All metal ions are subject to the excretion and/or dilution mechanisms that occur 
systemically. Within blood and its derivatives, there will be differences in Cr concentration 
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measured because Cr exists in 2 valence states. Cr6+ binds strongly to cells and is not 
detectable in serum samples, whilst Cr3+ is excluded from cells (Milošev, 2012, MacDonald 
et al., 2003); therefore, neither serum nor erythrocyte measurements provide a true 
evaluation of implant chromium release. In addition, chromium has a propensity to 
precipitate (Sidaginamale et al., 2016), meaning that lower values of chromium are 
measured systemically than is actually released. Whilst joint fluid samples are better at 
highlighting the elevated concentrations in surrounding tissues, it is also unlikely that they 
will account for precipitation of chromium unless taken at a very early time point 
postoperatively; reports on joint fluid ion analyses have taken samples no earlier than 9 
months after initial implantation (Lass et al., 2014, Davda et al., 2011, Langton et al., 2010). 
Immediately postoperatively however, the corrosion process may just be initiated and 
samples evaluated at a later time point may be influenced by precipitation as well as 
transport away from the joint fluid.   
7.2 Influence of the taper environment  
PBS[H+] was used to accelerate the corrosion. As indicated in Chapter 5, representative 
physiological fluids are often used for evaluating implant responses to electrolytes found in 
the body. However, the in vivo taper environment has not been characterised previously. 
The nature of the surface of corroding CoCr alloys depends upon its surrounding 
environment and the fracture properties of oxide layers is dependent upon the electrolyte 
conditions (Gilbert, 2012, Lewis et al., 2006). McGrory et al. (2017) suggested that the fluid 
in contact with the taper is synovial fluid. Synovial fluid and its components have previously 
been studied relative to bearing lubrication but not to the taper environment.   
Synovial fluid (SF) and PBS have similar inorganic composition (Lewis et al., 2005) but 
PBS has no protein content. Release of Co and Cr from CoCr alloys showed that synovial 
fluid induced higher Cr release than PBS and water (Lewis et al., 2005) as proteins may 
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have impeded the formation of the protective oxide film (Royhman et al., 2013). It has also 
been reported that an organic ligand with a high affinity for Cr3+ is present in synovial fluid; 
the effect of this is to attract chromium ions through the pores of oxide layers and promote 
dissolution due to cationic conductivity (Lewis et al., 2005, Lewis et al., 2006). Hence, SF 
could be more corrosive than PBS at neutral condition. Under acidic conditions however, 
synovial fluid may confer protection by repelling corrosive anions such as Cl- (Lewis et al., 
2005). To that end, the prevailing pH around the joint space is not clear. It is believed that 
the inflammatory phase of healing immediately post implantation could persist for more than 
6 weeks (Chen et al., 2012). Likewise, it is also thought that Co and Cr release from the 
implant, not related to the taper junction can initiate Fenton-like reactions (2.5.2) which could 
sustain an inflammatory response. Both acute and chronic inflammation are thought to 
create acidification (Posada et al., 2015). However, it is also known that physiological fluids 
in vivo have a buffering capacity; Milošev et al. (2016) showed that the change in mean pH 
of the synovial fluid was small in patients revised for aseptic and septic loosening (pH 7.6 
and 7.55 respectively), compared to osteoarthritic joints prior to joint replacement (pH 7.78) 
despite the increase in metal ions at revision. Also, if the entire joint space was acidic for 
prolonged periods, precipitates of CrPO4 would be unlikely in adjacent tissues. Therefore, it 
is more likely that the acidic conditions in vivo, are actually confined to crevices.  
If synovial fluid was to be used in in vitro evaluations, aside from being difficult to obtain 
and its associated expense for its use in a multiple station hip simulator with continuous 
sampling, the SF analysed in the literature is sourced from arthritic hips. The total protein 
content of healthy synovial fluid is lower at 19-22 mg/ml compared to 40-68 mg/ml for the 
diseased fluid (Roba, 2009). Protein concentration has an effect on the electrochemical 
behaviour of implant metals (Karimi, 2014). Moreover, after THR, the synovial capsule 
reforms and produces a lubricant that has been termed pseudosynovial fluid (PSF)(Roba, 
2009, Kung et al., 2015). Both are blood dialysates (Takakubo et al., 2013) but PSF is lower 
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in viscosity (lower hyaluronic acid content) than pre-arthroplasty fluids (Kung et al., 2015). 
PSF will vary in protein content as different failure mechanisms such as implant loosening 
and wear will alter the protein content as a result of the associated inflammation (Roba, 
2009). Further, the torque transferred to the taper junction due to bearing surface friction will 
be a function of protein concentration (Roberts et al., 1982). All of these may alter the 
corrosion observed at head-neck tapers in vivo.   
7.3 Future work  
This study has corroborated the suggestions and findings in the literature that an 
increase in head size is accompanied by an increase in frictional torque. However, the ion 
release profile was only determined for 40 mm heads and there has been no evaluation of 
the effect of head size on the production of ionic matter at the taper junction.  A hip simulator 
evaluation showed that increasing head sizes led to an increase in metal ions in the bearing 
surface lubricant (de Villiers et al., 2015), although the reports in clinical evaluation with 
respect to ion release have been inconsistent. Craig et al. (2014) observed a significant rise 
in mean levels of Co ions in the blood of patients with 36 mm heads relative to patients with 
28 mm diameter heads but the increase in with 40 mm heads was smaller and less 
significant in comparison with the 28 mm group. Conversely, Hallows et al. (2011) found no 
difference in serum Co concentrations between small (28-32 mm) and large heads (> 38 
mm); however, elevated serum Cr levels were reported for the large heads compared to the 
small heads. Nonetheless, neither the hip simulator study nor the clinical studies would have 
distinguished between bearing surface and taper ion release and there may have been 
variations in the relative contribution of the taper and bearing to the total concentration of 
ions measured. As long as the design of the rim of the femoral head remains the same, the 
current isolation setup could be used to evaluate the effect of head size on taper ion release.   
In addition, isolating the taper on heads of different sizes may help to elucidate why, despite 
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a positive correlation between torque and head size, there have been considerable reports 
of corrosion observed in vivo on smaller heads (28 – 32 mm) (Lombardi et al., 2016, 
McGrory et al., 2017). 
Adverse conditions at bearing surfaces such as 3rd body abrasion may be expected to 
disrupt lubrication, increase the bearing surface friction and thus increase torque at the taper 
junction. The study in Chapter 6 evaluated a CoCr/Ti-6Al-4V junction; clinically, other 
metallic combinations are widely utilised including CoCr/CoCr and CoCr/SS. Although 
galvanic corrosion is not thought to be a significant factor in taper corrosion, it would be 
interesting to study the different metallic taper combinations under hip simulator loading. 
This is especially true of CoCr/SS taper interfaces because they have been shown to 
generate lower fretting currents than CoCr/Ti. Also, a study by Chaplin et al. (2004) 
evaluating 20 retrieved SS trunnions which were in situ for at least 1 year showed no signs 
of corrosion. It should be noted that the group did not specify nor evaluate the femoral heads 
paired with the trunnions. However, in evaluating SS trunnions without the complete stem 
fixation, it is possible that an incomplete picture of taper corrosion results. Some of the non-
titanium femoral stems are fixed using bone cement; bone cement as well as its 
accompanying additives such as antibiotics and radiopaque agents have been reported to 
affect stem electrochemistry (Bryant et al., 2013). This raises concerns about the so-called 
cathodic polarisation effect results such that corrosion at the head-neck taper may be 
reduced due to the occurrence of corrosion at the stem-bone cement interface (McGrory et 
al., 2017).  
The current taper isolation design can be used to isolate taper debris as the cytotoxic 
effect is also dependent on particulate products (Kwon et al., 2009). Accordingly, even at Co 
and Cr concentrations of 3 and 5 ppm respectively in local tissue, nano particles generated 
minimal or no inflammatory response in mice unlike micron sized particles (Madl et al., 
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2015). Reports of more aggressive reactions associated with taper debris relative to bearing 
surface debris (Langton, 2014, Hart et al., 2013) is likely to be due to differences in 
morphology and characteristics of metallic particles. Therefore, generating clinically relevant 
taper debris would facilitate cytotoxicity studies to elucidate factors contributing to its 
increased potency. This may also help to explain if particular features of taper corrosion are 
responsible for whether a patient is symptomatic or otherwise (Fehring et al., 2014, McGrory 
et al., 2017) outside of individual patient sensitivities (Eltit et al., 2017, Jacobs, 2016).  
This study showed the profile of ion release from the taper junction at the early stages 
post implantation. A retrospective evaluation using FEA (4.4.9) showed that the distal 
contact (8°) trunnions failed earlier than the proximal contact (5°) trunnions due to markedly 
lower contact area with the distal contact conditions and consequently, less stability at the 
junction. It might be suggested that this instability created larger displacements and was 
transferred to the thread causing fatigue failure. Nonetheless, some proximal trunnions also 
failed which suggests there was also load bearing by the threads. The current standard for 
wear testing is 5 Mc (Trommer and Maru, 2017). It would be ideal to establish the release 
profile from the taper junction over an equal timeframe to determine if an equilibrium state is 
reached. At 0.5 Mc, the corrosion observed at the femoral head taper was only mild or 
moderate according to the Goldberg scale. Running the hip simulator test for longer would 
be more likely recreate severe taper corrosion which has been observed in retrieved 
specimens (Hothi et al., 2017a, Jennings et al., 2016). This would require that the trunnion 
be redesigned to prevent fatigue fracture, indeed, the titanium trunnions could be 
manufactured as a single unit.   
Despite the benefits of evaluating taper junctions using the simplified walking cycle on 
the hip simulator, simulators could be used to evaluate the taper junction under stair climb 
loading since the FE results in this thesis suggest that the gap and stresses will be larger 
Chapter 7 Final Discussion  
 
 216 
under stair climb loading. Although the stair climb loading condition is not currently 
mandated in testing THR devices, its use may be beneficial to ‘beyond compliance’ 
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A.1 Test component drawings  
Final isolation design 
           
















































































Acetabular component modification 
 












A.2 Experimental evaluation of taper engagement position 
To determine the position of taper engagement, a range CoCr heads (28, 32, 40, 52, 56 
mm) were impacted onto a 17-4 steel trunnion with 5 hits using a hammer and a femoral 
head impactor. After impaction, each assembly was measured using a height gauge. This 
was compared to the height prescribed in the specifications. A total of 3 repeats were 
recorded per head size. 
Results: 
When impaction blows were applied to lock a taper, it was found that the 56 mm taper 
assembly engaged at a position outside of the tolerance defined in the design specification; 
in comparison, the rest of the taper assemblies were within tolerance with respect to the 
engagement position.  
 
Figure A-0-5 Measured position of taper engagement for a range of head sizes; negative value 









A.3 Dilution factor analysis 
 
Figure A-0-6 Concentrations measured in dilution analysis  
 
Figure A-0-7 Dilution factor for serial dilutions from 1000 ppb to 15.625 ppb on the GFAAS; dilution 6 
corresponds to diluting 31.25 ppb to 15.625 ppb 
 
  





































































A.4 Equations for calculating torques, bending moments and 
strains  








2 + (𝜀𝑏 − 𝜀𝑐)
2                    (17)      
Full bridge configuration:     ∆𝑒= 𝜀𝐺𝐹𝑉                   (18)       
 Torque: 
Trunnion fixture:                  T =  πGεR3             (19) 
Femoral stem:     T =  
Gεa2b
3+1.8𝑎 𝑏⁄
             (20) 
Half bridge configuration:   ∆𝑒=
𝜀𝐺𝐹𝑉
2⁄              (21) 
      Bending moment    𝑀 = 𝐸𝜀𝐼 𝑦⁄            (22) 
Where:   T = torque, G = shear modulus, R = radius of shaft 
∆𝑒= output voltage, V= excitation voltage, GF = gauge factor, E= Young’s modulus  
 I =second moment of area 𝜀 = measured strain 
 a= width, b=length 






A.5 Component cleaning protocol 
1. Rinse with ultrapure water. 
2. Using an electric toothbrush clean the bearing surface using a solution of 
ultrapure water and Decon 90 detergent for 5 minutes. 
3. Rinse with ultrapure water. 
4. Vibrate in ultrasonic tank in ultrapure water for 10 minutes. 
5. Rinse with ultrapure water. 
6. Vibrate in ultrasonic tank in a solution of ultrapure water and detergent for 10 
minutes. 
7. Rinse with ultrapure water. 
8. Vibrate in ultrasonic tank in ultrapure water for 10 minutes. 
9. Rinse with ultrapure water. 
10. Vibrate in ultrasonic tank in ultrapure water for 3 minutes. 
11. Rinse with ultrapure water. 
12. Dry with a jet of clean nitrogen gas. 
13. Soak in propan-2-ol for 5 minutes. 
14. Dry with jet of clean nitrogen gas. 
15. Leave to air dry for a minimum of 12 hours prior to weighing*  
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 FE Analysis of Changes in Taper Design to Reduce Corrosion in vivo 
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INTRODUCTION 
Modularity in total hip replacements (THRs) facilitates the management of individual patient variability. However, the head-neck taper junction has been 
widely reported to corrode leading to adverse tissue reactions [1]. Passivating oxide films, typically of the order of 5-70 Å, provide a kinetic barrier to 
corrosion [2] but mechanically assisted crevice corrosion theory suggests that micromotion damages the oxide layer causing corrosion if fluid ingress into 
the taper occurs [3]. Although it is believed that fretting and micromotion may abrade or fracture oxide films, little is understood about the prevailing 
stresses which cause this. Further, the ingress of fluid around the joint space into the taper will depend on the taper contact position and the separation of the 
interface during loading. In vivo taper corrosion could be reduced by reducing surface stresses on the head taper and designing the taper to engage distally. 
The aim of this study is to consider taper design parameters to reduce taper gap opening and maximise distal taper contact area. 
METHOD 
FE analysis was carried out on a 40 mm CoCr femoral head (E=230 GPa, ν=0.3) and 17-4 SS trunnions (E=200 GPa, ν=0.29) at varying taper angles using 
Abaqus CAE 6.14-1. A 4 kN impact load was applied instantaneously along the taper axis to lock the taper [3]. A vertical load combined with rotations 
representative of flex/ext and abd/add (as shown in fig 1) were applied to the head. The loading point was coupled to the trunnion [4]. 9 taper combinations 
(first number represents the head taper angle and the second the trunnion angle) were modelled: (i) 5.73°,5.71° (ii) 5.76°,6.66° (iii) 5.76°,7.66° (iv) 
5.76°,8.66° (v) 5.76°,5.66° (vi) 5.78°,5.66° (vii) 5.79°,5.66° (viii) 5.79°,5.64° (ix) 5.81°,5.63°. The head and trunnion were meshed with 2nd order tetrahedral 
elements (C3D10). The taper contact was modelled as finite sliding using the penalty contact formulation and a friction coefficient of 0.21 [3]. The variables 
of interest were taper gap (separation of taper surfaces), maximum contact area and von Mises stresses at the taper surface. 
RESULTS 
The first 4 taper combinations listed resulted in distal contact with a mean maximum contact area of 314 mm2 compared to 209 mm2 for proximal contact. 
Femoral head taper stresses were seen to reduce with increase in contact area whereas the trunnion stresses remained largely the same (fig 2). Also, 
progressing from distal to proximal contact led to increasing gap opening between the taper contact surfaces (fig 3). 
DISCUSSION 
The results showed that a more proximal contact at the taper increases the taper gap generated during physiological loading (fig 3). As such, a proximally 
contacting taper may be more likely to corrode since the junction is open to fluid ingress. However, there has been no difference in fretting corrosion 
reported between taper contact conditions [6]. Thus, taper corrosion is possibly not a function of contact position alone but rather contact position in 
combination with contact area. It has been suggested that increased surface stresses at the taper could damage the oxide layer of the interface materials at the 
junction [7]. Increasing the contact area at the taper will potentially prevent the damage to the oxide layer at the head taper since it results in reduced stresses 
as shown in fig 2. Therefore, it is reasonable to prescribe that the worst condition at the taper junction is a proximally contacting taper with submaximal 
contact area and thus large head taper stresses; under such conditions, bodily fluids may enter the junction and encounter an exposed metal substrate at the 
head taper. In contrast, the oxide layer at the trunnion may not be compromised since surface stresses here remain constant (fig 2). This may account for the 




A proximal taper with minimal contact area will lead to larger separation generated between the taper interface during physiological loading in addition to 
damaging the oxide layer; therefore exposing the substrate metal to corrosive fluid. Corrosion at the taper junction could be reduced if tapers were designed 
for distal contact whilst maximising contact area.   
REFERENCES 
1] Langton et al (2016) BMJ Open 6:e007847 
2] Hallab et al (2004) Orthopedic Applications in ISBN 0-12-582463-7:526-554 
3] Goldberg et al (1997) ASTM STP 1301:157–76 
4]  English et al (2016) Tribology Intl 95:199-210 
5]  Bicqué et al (2006) Wear 260(3): 231-242 
6]  Kocagoz et al (2013) Semin Arthroplasty 24(4): 246–254 
7] Hothi et al (2016) J Arthroplasty S0883-5403(16)30327-8 
 





Figure 2  Relationship between maximum contact area at the taper 





Figure 3 Variation of taper gap with taper clearance for (a) distal 
and (b) proximal taper contacts where taper clearance is the 
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Is increased torque measured at taper junction for larger head diameters? 
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INTRODUCTION 
    Torque is generated at a hip implant bearing surface during activities which load the implant, as a result of friction at the bearing surface, which is 
transmitted through the implant. Of particular interest is the torque generated at the head-stem taper junction; it has been suggested that this leads to 
instability and increased corrosion [1]. Torques generated from friction at the bearing surface have been quantified using a range of methodologies, 
including friction simulators. The stability of tapers has been evaluated using standard test protocols. However, the torque experienced by implants is a 
function of 3 axes of motion of a hip joint [2]. The friction simulator and ISO standard tests, often apply loads and motion in one plane only. The hip 
simulator incorporates multiple axes of motion as well as realistic dynamic loading cycles. Bearing surface torque tests have previously been evaluated 
in relation to either acetabular or stem loosening; the magnitude of the torque transmitted through the taper junction has not been fully evaluated. The 
aim of this study was to determine the influence of relevant loading and bearing design parameters on the torque transmitted through the taper. 
METHOD 
     Testing was carried out on an orbital hip simulator (MTS Systems, USA). The acetabular cup was inclined at 35o to the horizontal and the head was 
mounted on a male taper which formed part of the trunnion fixture. A pair of 3 axis stacked rectangular rosettes (UFRA-1-17-3L, Technimeasure, UK) 
was placed diametrically opposed around the circumference of the fixture, close to the taper and coated in a polysulphide coating (M-coat-J; Vishay, 
UK) for moisture resistance. The -45° and 45° gauges were connected to the other pair diametrically opposite in a full bridge configuration to measure 
torque, whilst the vertical gauges in the rosette were connected in a half bridge configuration to measure bending. Tests were carried out on 
commercially available 28 and 40 mm and prototype 52 mm diameter metal on polyethylene bearings (Corin Group PLC, Cirencester, UK). Each 
component was subjected to a typical walking cycle with a maximum load of 3.0 kN using a lubricant of 25 % (v/v) newborn calf serum. Tests were 
run for 1 hour with strains recorded at 10 Hz; each test was repeated at least twice, with multiple sets of data recorded at each setup. The components 
were subjected to sinusoidal loads of 250 - 3850 N at rotational speeds of 5, 10, 30 and 60 rpm. Mean peak torque and peak bending moments were 
determined. Statistical analysis was performed using a student’s t-test; significance was set at p≤0.05. 
RESULTS 
     The mean peak torque measured on the 28, 40 and 52 mm diameter bearings was 1.95±0.25, 0.73±0.18 and 1.04±0.13 Nm respectively which were 
all statistically significantly different. The mean peak bending moment for the 40 and 52 mm diameter heads was 12.70 and 12.76 Nm respectively; this 
was not significantly different despite the change in offset. The torque increased with load (Fig. 1), although increases in rotational speed did not affect 
the peak torque recorded (p > 0.05). 
DISCUSSION 
     Larger bending moments than torsional moments were found, in agreement with the study by Schwachmeyer et al. (2013) for patients monitored 
using instrumented implants, in level walking [5]. The bending moments were not significantly influenced by head. The torque obtained from this study 
however was an order of magnitude smaller than values previously reported for ceramic on polyethylene prostheses in vivo [5]. This might be explained 
by the absence of muscle forces underestimating torsional moments [3]. A larger head size is advantageous because it provides increased stability and 
range of motion, whilst providing greater entraining velocity and increasing the minimum film thickness for lubrication. However, the recent reported 
increase in the incidence of taper corrosion has been linked to increasing head sizes [3], which may result from the instability initiated by large torques 
at the taper junction, as suggested by observations from retrievals demonstrating increased corrosion scores for larger heads [4]. This study appears to 
support these findings for large heads. The torque for the 28 mm diameter head however was higher than the torque measured at 40 or 
52 mm. This may be explained by the theoretical film thickness being an order of magnitude smaller for this head size, estimated from the Hamrock 
and Dowson equation [6], indicating that the lubrication regime is a more severe form of boundary lubrication, leading to an increase in torque, as 
shown in this study. The torque also increased with the load applied although it did not change with speed. The trend was the same for 28 mm and 52 
mm heads. This could be because although the theoretical film thickness increased with speed, the lubrication regime remained as boundary lubrication. 
This study has evaluated torques generated during the walking cycle as well as for sinusoidal loads. To fully characterise torques around the taper 
junction, other activities should be considered along with other bearing designs and material combinations. 
 
SIGNIFICANCE 
     This study has measured the torque adjacent to the taper junction on the hip simulator, confirming a sensitivity of the torque generated to the bearing 
diameter. This supports the observation that taper instability and corrosion may be attributed to torque at the taper, suggesting an optimum head size 
may lie close to 40 mm diameter.  
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Fig 1: Max. torque developed as a 
function of angular speed and peak 
applied load, for a 52 mm MoP 
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